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II
A b s t r a c t
In t e g r a s e  ( I N )  i s  th e  r e t r o v i r a l  enzyme t h a t  i s  r e s p o n s ib le  
f o r  i n t e g r a t i n g  th e  v i r a l  DNA i n t o  t h e  hosts  genome. IN  
processes t h e  v i r a l  DNA by c l e a v i n g  two n u c l e o t id e s  from th e  
3 '  ends, then  c le a v in g  t h e  host  DNA and j o i n i n g  th e  v i r a l  
and host  DNA. IN from Moloney murine leukaem ia  v i r u s  
(MoMLV) was expressed in  E. coTi  us ing  two d i f f e r e n t  
e x p re s s io n  systems and c h a r a c t e r i z e d  in  s e v e r a l  in  v i t r o  
a s s a y s .
The f i r s t  e x p re s s io n  system produced IN in  i n s o l u b l e  
i n c l u s i o n  b o d ie s .  D e n a tu r a t io n  and r e f o l d i n g  t r i a l s  were  
c a r r i e d  o u t ;  s o lu b le  IN was produced by s o l u b i l i z a t i o n  in  6 
M g u a n id in e  and d i a l y s i s  a g a in s t  d e c re a s in g  c o n c e n t r a t io n s  
o f  u re a .  To a id  in  th e  i d e n t i f i c a t i o n  o f  IN d u r in g  th e s e  
t r i a l s ,  two s y n t h e t i c  p e p t id e s  were s y n th e s iz e d  and used to  
produce immune s e ra .
The second e x p re s s io n  system, as a fu s io n  w i t h  m a l to s e  
b in d in g  p r o t e i n  (MBP), produced s o lu b le  fu s io n  p r o t e i n ,  but  
IN p r e c i p i t a t e d  out  o f  s o l u t i o n  when c le a v e d  from MBP. The 
h y p o th e s is  was put fo rw a rd  t h a t  th e  improper f o l d i n g  o f  IN  
i s  due t o  h igh p r o l i n e  c o n t e n t .
IN was t e s t e d  in  a v a r i e t y  o f  in  v i t r o  assays,  
i n c l u d i n g  a n o v e l ,  c o n t in u o u s ,  d i r e c t  k i n e t i c  assay .  In  
each case ,  IN was found t o  be i n a c t i v e .  In  was a ls o  t e s t e d  
f o r  z in c  a f f i n i t y  and found t o  b ind  z i n c .  S e n s i t i v i t y  t o  
o x i d a t i o n  and c o m p e t i t io n  s t u d i e s  suggested t h a t  z in c  i s  
b in d in g  t o  a z in c  f i n g e r  m o t i f  a t  t h e  N - te rm in u s  o f  t h e  
p r o t e i  n .
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Appendi x
1C hapter  1
1 .0  I n t r o d u c t i  on
1.1 R e t r o v i  ruses
The R e t r o v i r i d a e  c o n s t i t u t e  a f a m i l y  o f  v i r u s e s  w i t h  two 
unique e v e n ts  in  t h e i r  r e p l i c a t i o n  c y c l e .  The f i r s t  i s  th e  
s y n t h e s is  o f  a dsDNA copy o f  t h e  ssRNA genome; th e  second i s  
th e  i n t e g r a t i o n  o f  t h a t  DNA i n t o  th e  host genome.
R e t r o v i r u s e s  i n f e c t  a wide v a r i e t y  o f  v e r t e b r a t e s .  
Examples in c l u d e  t h e  murine leukaem ia  v i r u s e s ,  a v ia n  
s a r c o m a / le u k o s is  v i r u s e s ,  f e l i n e  leukaem ia  v i r u s e s ,  human T -  
c e l 1 lymphoma v i r u s e s  and th e  human im m unodef ic iency v i r u s e s  
ty p e s  1 and 2 ( re v ie w e d  by Varmus and Brown, 1989; C o f f i n ,  
1 9 9 0 ) .
1 .2  C l a s s i f i c a t i o n  and Patho logy
R e t r o v i r u s e s  a r e  d i v i d e d  i n t o  t h r e e  genera:  o n c o v i r i n a e ,  
l e n t i v i r i n a e  and s p u m a v i r in a e . R e t r o v i r u s e s  can be d e s c r ib e d  
by v i r i o n  s t r u c t u r e  and assembly. Type A p a r t i c l e s  a r e  
found o n ly  i n t r a c e l l u l a r l y , and a r e  double  s h e l l e d .  Type B 
a re  l a r g e r  than  Type A and doughnut shaped w i th  s u r fa c e  
s p ik e s .  Type C a re  a s s o c ia te d  w i t h  budding a t  th e  c e l l ’ s 
plasma membrane. Type D a re  assembled i n t r a c e l 1u l a r l y  and 
d e l i v e r e d  t o  t h e  plasma membrane (Rhee and H u n te r ,  1990)  
hav ing  s h o r t e r  s p ik e s  than  Type B. Another  method o f
2d e s c r i p t i o n  i s  by o v e r a l l  genome o r g a n i z a t i o n  and s p e c ie s  o f  
o r i g i n  g i v i n g  seven major  groups: a v ia n  1euko s is -s a rc o m a ,  
mammalian t y p e - C ,  ty p e -B ,  t y p e - D ,  HTLV-BLV, l e n t i v i r u s e s  and 
"foamy" v i r u s e s .
R e t r o v i r u s e s  d i s p l a y  a v a r i e t y  o f  p a t h o lo g i c a l  e f f e c t s :  
n o n p a th o g e n ic , weakly  oncogenic ,  h i g h l y  oncogenic  or  
c y t o p a t h i c  ( re v ie w e d  by Temin, 1 9 8 8 ) .  The c y t o p a t h o l o g i c a l  
e f f e c t s  o f  p r o v i r a l  i n s e r t i o n  depend upon th e  i n t e g r a t i o n  
s i t e .  The p r o v i r u s  can p h y s i c a l l y  i n t e r r u p t  and i n a c t i v a t e  
c e l l u l a r  genes, o r  th e  r e g u l a t o r y  f e a t u r e s  o f  v i r a l  DNA may 
a l t e r  th e  e x p re s s io n  o f  n e ig h b o u r in g  genes, o r  th e  p r o v i r u s  
can recombine w i th  a c e l l u l a r  gene t h a t  i s  im p l i c a t e d  in  
v i r a l  oncogenes is .  I n s e r t i o n  o f  a p r o v i r u s  near  c e l l u l a r  
oncogenes has been demonstrated by a v ia n ,  murine and f e l i n e  
r e t r o v i r u s e s . Most r e t r o v i r u s e s  do not k i l l  i n f e c t e d  c e l l s ,  
r a t h e r  a growth advantage i s  c o n f e r r e d  upon th e  c e l l .
1 . 3  Mur ine  Leukaemia V i r u s e s  (MLV) and Moloney Murine  
Leukaemia V i r u s  (MoMLV)
The murine leukaem ia  v i r u s e s  a re  d i v i d e d  i n t o  subgroups by 
t h e i r  host  range d e te r m in a n ts .  E c o t r o p ic  v i r u s e s  i n f e c t  
o n ly  murine c e l l s  and in c lu d e  Moloney murine leukaem ia  v i r u s  
and F r ie n d  murine leukaem ia  v i r u s .  Amphotropic v i r u s e s  a ls o  
i n f e c t  murine c e l l s  but t h e i r  range is  extended and th e y  can 
i n f e c t  c e l l s  from o t h e r  s p e c ie s .  X e n o t r o p ic  v i r u s e s  a re  
found in  t h e  g e rm l in e  o f  in b re d  mice but  do not i n f e c t  mouse 
c e l l s  from th e s e  s t r a i n s .  A f o u r t h  c la s s  i s  th e  10A1 v i r u s ,
3which i s  a v a r i a n t  amphotrop ic  v i r u s  w i t h  enhanced 
1e u kem o gen ic i ty  and expanded host  range from i t s  amphotrop ic  
p a r e n t .
The p a t h o g e n i c i t y  o f  MLVs a r e  v a r i e d .  AKV i s  non-  
1eukemogenic, S L 3 -3 ,  MoMLV and MCF's cause T - c e l l  lymphomas, 
w h i l e  F r ie n d  MLV i s  e r y th r o le u k e m o g e n ic .
MoMLV was f i r s t  d e s c r ib e d  by Moloney (1 9 6 0 )  a f t e r  
re c o v e ry  o f  th e  v i r u s  from a sarcoma. S in ce  th e n ,  th e  
genome o f  MoMLV has been c loned  and sequenced ( S h i n n i c k ,  
1 9 8 1 ) .  MoMLV belongs t o  th e  O n c o v i r in a e  s u b fa m i ly  and i s  an 
exogenous Mammalian Type-C v i r u s .
Pathogenes is  by MoMLV i s  a two s te p  process w i t h  a 
l a t e n c y  o f  s e v e ra l  months. The f i r s t  s tage  i s  a m i ld  
splenomegaly and g e n e ra l  h a e m e to p o e i t ic  h y p e r p l a s i a .  The 
second s tage  i s  a secondary i n f e c t i o n  o f  h y p e r p l a s t i c  
lymphoid stem c e l l s  fo l lo w e d  by m ig r a t io n  t o  th e  thymus. I t  
i s  t h e  second event  t h a t  r e s u l t s  in  s i t e  s p e c i f i c  i n s e r t i o n  
and a c t i v a t i o n  o f  a c e l l u l a r  p ro to -o ncogene  (Cuypers e t  a 7 . ,  
1984; Davis  e t  a 7 . ,  1987; S to rc h  e t  a 7 . ,  1 9 8 5 ) .
Leukemogenesis i s  a s s o c ia te d  w i t h  p r o v i r a l  a m p l i f i c a t i o n  and 
s e l e c t i o n  f o r  c e l l s  c o n t a i n i n g  m u l t i p l e  c o p ies  o f  th e  
p r o v i r a l  DNA ( T s i c h i i s ,  1 9 8 7 ) .  The chromosomal i n t e g r a t i o n  
s i t e s  have been mapped by s e v e r a l  groups w i t h  common s i t e s  
o c c u r r in g .  T s i c h l i s  ( 1 9 8 7 )  dem onstra ted 4 s i t e s ,  M l v i  1, 2  
and 3 (M ur ine  leukaem ia  i n t e g r a t i o n )  as w e l l  as c-Myc  
(c o n f i rm e d  by S t e f f a n ,  1 9 8 4 ) .  I n t e g r a t i o n  a t  Pim-1 
( P r o v i r a l  i n t e g r a t i o n  s i t e  MLV), found by Cuypers e t  a l . 
(1 9 8 4 )  i s  accompanied by t r a n s c r i p t i o n a l  a c t i v a t i o n  o f
4n e ig h b o r in g  host  sequences. Recent ev idence  by M akr is  e t  
a / .  ( 1 9 9 3 )  i n d i c a t e s  t h a t  MoMLV may p ic k  up a c e l l u l a r  
oncogene, recombine, and then i n t e g r a t e .
1 .4  The V i r u s  P a r t i c l e
1 . 4 . 1  The Genome
The genome o f  MoMLV c o n s is t s  o f  an 8 . 3  kb p lu s - s t r a n d e d  RNA 
w i t h  t h e  usual r e t r o v i r a l  sequence o f  coding re g io n s :  gag , 
po7, and env  ( f i g u r e  1 . 1 b ) .  Some e u k a r y o t i c  f e a t u r e s  a re  
p r e s e n t :  th e  5 1 end is  capped, t h e r e  i s  a p o l y - ( A )  t a i l  a t
th e  3 1 end and some A re s id u e s  a r e  m e th y la te d .  The genome 
i s  d i p l o i d  in  t h a t  t h e r e  a re  two c o p ie s ,  u s u a l l y  i d e n t i c a l ,  
a s s o c ia te d  by hydrogen bonding in  a p a r a l l e l  arrangement .
The reason f o r  d u p l i c a t i o n  i s  unknown, but i t  may a l lo w  f o r  
re co m b in a t io n  and r e p a i r  ( C o f f i n ,  1 9 9 0 ) .
Dur ing  r e v e r s e  t r a n s c r i p t i o n  th e  long t e r m i n a l  r e p e a ts  
(LTRs) a r e  c r e a t e d .  The LTRs have a g r e a t  e f f e c t  on th e  
p a t h o g e n i c i t y  o f  th e  v i r u s  [ re v ie w e d  by Fan (1 9 9 0 )  and 
M ajors  ( 1 9 9 0 ) ]  as w e l l  as hav ing a l l  th e  c o n t r o l  sequences  
f o r  th e  i n i t i a t i o n  o f  t r a n s c r i p t i o n  and p o l y a d e n y l a t i o n .
The LTR c o n s is t s  o f  t h r e e  re g io n s ;  U3, R, and U5. U3 
(u n iq u e  3 ' )  c o n ta in s  th e  promoter  f o r  RNA polymerase I I  w i th  
TATA and CAT boxes as w e l l  as a 75 bp enhancer .  The enhancer  
i s  im p l i c a t e d  in  d e te r m in in g  v i r a l  p a t h o g e n i c i t y ,  d ise a s e  
s p e c i f i c i t y  and l a t e n c y  p e r io d  ( C h a t i s ,  1983; Golemis,
F ig u r e  1 . 1 a  The R e t r o v i r u s  P a r t i c l e .  A h i g h l y  schemat ic  
diagram o f  a t y p i c a l  r e t r o v i r u s  p a r t i c l e .  The v i r a l  
p r o t e i n s  a r e  d e s c r ib e d  in  d e t a i l  in  s e c t io n s  1 . 4 . 2  and 
1 . 4 . 3 .
F ig u r e  1 . 1b The MoMLV Genome. Schematic r e p r e s e n t a t i o n  o f  
th e  o r g a n i z a t i o n  o f  th e  v i r a l  genes. The genome is  
d e s c r ib e d  in  d e t a i l  in  s e c t io n  1 . 4 . 1 .
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61 9 9 0 ) .  S ix  d i s t i n c t  n u c le a r  f a c t o r s  have been i d e n t i f i e d  
which b ind t o  th e  enhancer (Speck and B a l t im o r e ,  1 9 8 7 ) .  The 
R ( r e p e a t )  r e g io n  i s  in v o lv e d  in  m e d ia t in g  m in u s -s t ra n d  
s t r o n g - s t o p  DNA t r a n s f e r  d u r in g  r e v e r s e  t r a n s c r i p t i o n  and 
has been i m p l i c a t e d  in  c o n t r o l l i n g  LT R -dr iven  e x p r e s s io n .
The U5 (u n iq u e  5 ' )  re g io n  i s  e s s e n t i a l  f o r  i n i t i a t i o n  o f  
r e v e r s e  t r a n s c r i p t i o n  and fo rm ing  th e  a t t  s i t e  which i s  
im p o r ta n t  in  i n t e g r a t i o n .  Located 3 1 t o  th e  LTR a re  th e  
p r im e r  b in d in g  s i t e  (pbs)  f o r  th e  i n i t i a t i o n  o f  re v e r s e  
t r a n s c r i p t i o n ,  th e  donor s p l i c e  s i t e  f o r  th e  fo r m a t io n  o f  
env  mRNA, and th e  p s i  domain, a d i m e r i z a t i o n  and packaging  
s ig n a l  t h a t  forms a h i g h l y  s t r u c t u r e d  arrangement o f  stem 
1 oops .
The gags p o l  and env  r e a d in g  frames code f o r  a l l  t h e  
v i r a l  p r o t e i n s .  The placement o f  th e  p ro te a s e  re a d in g  frame  
i s  v a r i a b l e  in  r e t r o v i r u s e s ,  found in  gag in  th e  a v ia n  t y p e -  
C v i r u s e s  and in  p o l  in  MoMLV (Yosh inaka  e t  a 7 . ,  1 9 8 5 ) .
1 . 4 . 2  Capsid
The major  c a p s id  p r o t e i n s  a re  encoded by th e  gag r e g io n .
The gag r e a d in g  frame i s  t r a n s l a t e d  as a p o l y p r o t e i n  
p r e c u r s o r ,  P r6 5 ,  and i s  c le a v e d  by th e  v i r a l  p ro te a s e  d u r in g  
assembly t o  form th e  mature p r o t e i n s :  MA ( p 1 5 ) ,  p12, CA
( p 3 0 ) ,  and NC ( p 1 0 ) .  NC i s  a b a s ic  p h os phory la te d  p r o t e i n  
found in  a s s o c i a t i o n  w i t h  th e  genomic RNA. NC has w e l l -  
conserved C y s -H is  boxes resem bl ing  c l a s s i c a l  z in c  f i n g e r s  
(d iscussed  in  g r e a t e r  d e t a i l  in  Chapter  7) and may be
7in v o lv e d  in  s p e c i f i c  r e c o g n i t i o n  o f  RNA by p o s i t i o n i n g  th e  
tRNA on th e  pbs ( P r a t s  e t  a l . ,  1988; Housset e t  a l . ,  1990)  
and th e  n o n - s p e c i f i c  f u n c t i o n  o f  c o a t in g  th e  genomic RNA.
CA i s  hydrophobic  and i s  th e  major s t r u c t u r a l  and a n t i g e n i c  
component. CA has a p u t a t i v e  n u c le a r  t a r g e t i n g  s ig n a l  
(Nash,  1993)  and f u n c t i o n s  in  v i r i o n  assembly. p1 2 ' s  
f u n c t i o n  i s  not y e t  d e te rm in e d .  MA i s  in  c lo s e  a s s o c i a t io n  
w i t h  th e  e n v e lo p e ,  i s  m y r i s t y l a t e d  a t  th e  N - te rm in u s  and 
f u n c t i o n s  t o  s t a b i l i z e  th e  gag p o l y p r o t e i n s  d u r in g  assembly  
(Rhee and H u n te r ,  1 9 9 0 ) .  The m y r i s t a t e  i s  r e q u i r e d  f o r  
membrane a s s o c i a t i o n  of.  Pr65a®9 d u r in g  assembly (R e in  e t  
a / . ,  1 9 8 6 ) .
The v i r a l  enzymes a re  a ls o  lo c a te d  w i t h i n  th e  c a p s id :  
t h e  p r o te a s e  ( re v ie w e d  by S k a lk a ,  1989) f u n c t i o n i n g  in  
c le a v a g e  o f  t h e  p o l y p r o t e i n  p r e c u r s o r s ,  re v e rs e  
t r a n s c r i p t a s e ,  an RNA-dependent DNA polymerase t h a t  a ls o  
e x h i b i t s  RNase H a c t i v i t y ,  and i n t e g r a s e ,  m e d ia t in g  th e  
i n s e r t i o n  o f  t h e  v i r a l  DNA i n t o  th e  host DNA. The v i r a l  
p a r t i c l e  a ls o  c o n ta in s  host d e r iv e d  e lem ents  from random 
packag ing .  Among th e s e  i s  th e  tRNAPro t h a t  pr imes r e v e r s e  
t r a n s c r i  p t i  o n .
1 . 4 . 3  Envelope
The enve lope  i t s e l f  i s  d e r iv e d  from th e  host plasma membrane 
d u r in g  budding but  i s  m o d i f ie d  by v i r a l  enve lope p r o t e i n s .  
SU, t h e  r e c e p t o r  b in d in g  p r o t e i n ,  i s  h y d r o p h i l i c  and 
g l y c o s y la t e d  and found on th e  s u r fa c e  o f  th e  p a r t i c l e .  SU
8i s  l i n k e d  by d i s u l p h i d e  bonds to  TM, th e  transmembrane 
p r o t e i n .  TM m edia tes  fu s io n  o f  th e  v i r a l  and host membranes 
d u r in g  e n t r y  i n t o  th e  c e l l  [env p r o t e i n s  a re  rev iewed by 
Hunter  and Swanstrom ( 1 9 9 0 )  and by Daar and Ho ( 1 9 9 0 ) ] .
1 . 5  Li f e  Cyc le
1 . 5 . 1  E a r ly  Events
E a r ly  even ts  a re  d e f in e d  as those  r e a c t io n s  t h a t  occur up to  
and in c l u d i n g  i n t e g r a t i o n .  These even ts  depend upon 
v i r a i l y - e n c o d e d  p r o t e i n s  ( f i g u r e  1 . 2 ) .
1 . 5 . 1 . 1  Receptor  B ind ing  and E n t ry
The f i r s t  even t  in  v i r a l  i n f e c t i o n  i s  b in d in g  o f  SU t o  a 
s p e c i f i c  host r e c e p t o r .  In  th e  case o f  e c o t r o p ic  MLVs, the  
host r e c e p to r  has been c loned  ( A l b r i t t o n ,  1989) and 
i d e n t i f i e d  as a c a t i o n i c  amino a c id  t r a n s p o r t e r  (Kim e t  a 7. ,  
1991; Wang e t  a 7. ,  1 9 9 1 ) .  Once bound t o  th e  r e c e p t o r ,  th e  
v i r a l  enve lope  and c e l l  membrane fus e  and th e  v i r i o n  core  is  
r e le a s e d  i n t o  th e  cy top lasm .
1 . 5 . 1 . 2  Reverse T r a n s c r i p t i o n
Reverse t r a n s c r i p t i o n  [ re v ie w e d  by G o f f  (1 9 90 )  and Whitcomb 
and Hughes ( 1 9 9 2 ) ]  occurs in  th e  cy top lasm  and in  
a s s o c i a t i o n  w i th  th e  n u c le o c a p s id  p r o t e i n s .  T r a n s c r i p t i o n
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i s  pr imed by th e  host  d e r iv e d  tRNAPro b in d in g  t o  th e  pbs and 
proceeds in  a 5 '  t o  3 '  d i r e c t i o n  copying th e  5 1 end o f  th e  
genomic RNA. When th e  growing c h a in  reaches th e  end o f  th e  
t e m p la t e ,  th e  RNase H removes t h e  h y b r i d i z e d  RNA and th e  
DNA-primer complex jumps t o  th e  3 '  end o f  t h e  genome, 
s p e c i f i c a l l y  t o  th e  R r e g io n .  (The i n i t i a l  r e v e r s e  
t r a n s c r i p t  i s  c a l l e d  s t r o n g - s t o p  DNA.) S t r o n g -s t o p  DNA 
t r a n s f e r  may e i t h e r  be i n t e r  o r  i n t r a - s t r a n d  (Hu and Temin,  
1 9 9 0 ) .  The DNA t r a n s c r i p t  then  extends th e  f u l l  le n g th  o f  
t h e  genome w h i l e  most o f  th e  RNA i s  removed by th e  RNase H. 
The f i r s t  s t ra n d  i s  now com ple te  and i s  s t i l l  a t t a c h e d  to  
th e  tRNA. Second s t r a n d  s y n th e s is  i s  pr imed by a p o ly p u r in e  
t r a c t ,  a f ragm ent  o f  th e  v i r a l  RNA. S y n th e s is  c o n t in u e s  
th rough  U3, R, and U5 and e v e n t u a l l y  encoun ters  t h e  tRNA 
which cannot be used as a t e m p la t e .  The second jump then  
oc c urs ,  t h i s  t im e  t o  DNA. T h is  r e a c t i o n  i s  o n ly  
i n t r a m o l e c u l a r  and obeys d i f f e r e n t  r u l e s  from th e  f i r s t  jump 
(Hu and Temin, 1 9 9 0 ) .  Com plet ion o f  th e  second s t ra n d  and 
removal o f  th e  RNA p r im e rs  com plete  th e  process .
B a l t im o r e  (1 9 7 0 )  and Temin and M iz u ta n i  (1 9 7 0 )  
in d e p e n d e n t ly  were th e  f i r s t  t o  dem onstra te  an RNA-dependent  
DNA-polymerase a c t i v i t y  a s s o c ia te d  w i t h  r e t r o v i r u s  
p a r t i c l e s .  There  i s  r e c e n t  ev id e n c e  t o  suggest t h a t  r e v e r s e  
t r a n s c r i p t i o n  can occur in  v i r i o n s  (T rono ,  1992; Lor i  e t  
a l . ,  1992) and t h a t  t h e  r e v e r s e  t r a n s c r i p t a s e  may be a c t i v e  
in  i t s  p o l y p r o t e i n  p r e c u r s o r  form ( H i z i  and Hughes, 1988;  
Peng e t  a 7 . ,  1 9 9 1 ) .
1 . 5 . 2  Late  Events
Late  ev en ts  a r e  d e f in e d  as those  o c c u r r in g  from  
t r a n s c r i p t i o n  t o  budding and m a tu r a t i o n .  These events  
i n v o l v e  c e l l u l a r  enzymes ( f i g u r e  1 . 3 ) .
1 . 5 . 2 . 1  T r a n s c r i  p t i  on /T  r a n s l a t i  on
The p r o v i r u s  i s  t r a n s c r i b e d  by c e l l u l a r  f a c t o r s ,  producing  a 
f u l l - l e n g t h  RNA spec ies  t h a t  i s  capped and p o l y a d e n y l a t e d . 
How th e  l e v e l  o f  mRNA e x p re s s io n  i s  r e g u la t e d  i s  e s s e n t i a l l y  
unknown, but  i t  seems t o  occur in  s i m i l a r  p r o p o r t i o n  across  
th e  r e t r o v i r u s e s . Some o f  th e  f u l l - l e n g t h  mRNA i s  d e s t in e d  
t o  be packaged in  new v i r u s  p a r t i c l e s  a l tho ugh  a p r o p o r t io n  
i s  s p l i c e d  t o  form th e  env  RNA.
T r a n s l a t i o n  y i e l d s  t h r e e  p o l y p r o t e i n  p r e c u rs o rs :  
Pr659a a,  P r 2 0 0 9 a 9 - poi | and Pr80e n v . Gag and gag-pol  a re  
t r a n s l a t e d  from genomic-1ength  RNA. Gag-pol  e x p re s s io n  is  
a p p o x im a te ly  5-10% o f  gag and in  th e  case o f  MoMLV i s  read  
v i a  an amber suppressor  m u ta t io n  and th e  i n s e r t i o n  o f  a 
g lu ta m in e  (Y osh inaka  e t  a l . ,  1 9 8 5 ) .  In  o t h e r  r e t r o v i r u s e s  
t h e r e  i s  a -1 f r a m e s h i f t  t h a t  p re s e rv e s  th e  re a d in g  fram e.
A complex RNA pseudoknot s t r u c t u r e  m ediates  th e  re a d - th ro u g h  
(Feng e t  a l . ,  1990; W i l l s  e t  a 7. ,  1991; F e ls e n s t e in  and 
G o f f ,  1 9 9 2 ) .  An 8 n u c l e o t i d e  p u r i n e - r i c h  sequence 3 1 t o  th e  
pseudoknot i s  a ls o  im p o r ta n t  (Feng e t  a l . ,  1 9 9 2 ) .
P R O U IR U S
T R A N S C R IP T IO N
NUCLEAR MEMBRANE
TRANS LA T I  ON
B U D D IN G MA T U R A T I  ON
PLASMA
MEMBRANE
F i g u r e  1 . 3  The L a t e  L i f e  C y c l e .  The p r o v i r u s  i s  t r a n s c r i b e d  
and t r a n s l a t e d  by c e l l u l a r  enzymes .  Assembl y  t a k e s  p l a c e  
n e a r  t h e  p l asma  membrane w h e re  some o f  t h e  f u l l - l e n g t h  mRNA 
i s  pa ck a g ed  i n t o  new v i r u s  p a r t i c l e s .  F o l l o w i n g  b u d d i n g ,  
t h e  v i r i o n  m a t u r e s  and becomes i n f e c t i o u s .
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1 . 5 . 2 . 2  Assembly, Budding,  M a t u r a t i o n
V i r a l  p r o t e i n s  and RNA assemble a t  th e  plasma membrane, 
brought  t o g e t h e r  by hydrophobic  groups a t  th e  N - te rm in u s  o f  
th e  gag p o l y p r o t e i n .  Once budding begins  a c re s c e n t -s h a p e d  
co re  i s  v i s i b l e  on e l e c t r o n  m icrographs and t h i s  c lo s e s  i n t o  
a c i r c l e  once budding i s  com ple te .  The v i r u s  i s  now in  an 
immature, u n i n f e c t i v e  s ta g e .  M a t u r a t i o n  i s  caused by th e  
c le a v a g e  o f  th e  p o l y p r o t e i n  p re c u r s o rs  by th e  v i r a l  p ro te a s e  
which i t s e l f  i s  a u t o c a t a l y t i c a l l y  c le a v e d  from g a g - p o l , 
accompanied by c ondensa t ion  o f  t h e  core  as seen on e le c t r o n  
micrographs (Yoshinaka  and L u f t i g ,  1 9 7 8 ) .  Condensation i s  
a s s o c ia te d  w i th  th e  d isa p p e ara n c e  o f  p re c u rs o rs  and th e  
appearance o f  env p r o t e i n s  on th e  s u r fa c e  (Yoshinaka  and 
L u f t i g ,  1977, 1 9 7 8 ) .  P r o t e o l y t i c  c le a v a g e  i s  necessary  to  
form th e  i n f e c t i v e  v i r u s  (Katoh e t  a 7 . ,  1985) (packag ing  i s  
rev iew ed by L i n i a l  and M i l l e r ,  1 9 9 0 ) .
1 . 6  I n t e g r a t i o n
I n t e g r a t i o n  i s  an e s s e n t i a l  s te p  in  th e  l i f e  c y c l e  o f  most 
r e t r o v i r u s e s  ( re v ie w e d  by Brown, 1990; Panganiban,  1990;  
Kulkosky and S k a lk a ,  1990; G o f f ,  1992; Whitcomb and Hughes, 
1 9 9 2 ) .  S IV does not r e q u i r e  i n t e g r a t i o n  f o r  i n f e c t i v i t y  
(Prakash e t  a 7 . ,  1 9 9 2 ) ,  w h i l e  t h e  i n t e g r a t i o n  requ irem en t  
f o r  HIV i s  le s s  c e r t a i n .  Stevenson e t  a7. (1 9 9 0 )  r e p o r t  HIV 
a n t ig e n  p ro d u c t io n  c o n t in u e s  in  t h e  absence o f  i n t e g r a t i o n  
and t h a t  u n in t e g r a t e d  v i r a l  DNA i s  t r a n s c r i p t i o n a l l y  a c t i v e ;
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however Adachi e t  a l .  ( 1 9 9 1 )  and Sakai e t  a l . (1 9 9 3 )  r e p o r t  
t h e  v i r u s  i s  u n i n f e c t i o u s  in  t h e  absence o f  i n t e g r a t i o n .  
Although i n t e g r a t i o n  i n t o  th e  host  genome occurs  in  o t h e r  
v i r u s e s  (papova ,  adeno, hepadna and p o s s ib ly  h e r p e s ) ,  i t  i s  
by i l l e g i t i m a t e  r e c o m b in a t io n ,  not th e  s p e c i f i c ,  
r e p r o d u c ib le  and p r e c is e  mechanism by which r e t r o v i r u s e s  
i n t e g r a t e .  Once i n t e g r a t e d ,  t h e  p r o v i r u s  i s  m a in ta in e d  in  
d i v i d i n g  c e l l s  and i s  t r a n s m i t t e d  as an e lement  o f  t h e  host  
genome. A w o rk in g  model o f  t h e  i n t e g r a t i o n  r e a c t i o n  has 
been deve loped from t h e  r e s u l t s  o f  i n v i t r o  assays.  A 
summary and i l l u s t r a t i o n  o f  t h e  i n t e g r a t i o n  r e a c t i o n  i s  
p re s en ted  in  f i g u r e  1 . 4 .
1 . 6 . 1  S t r u c t u r e  o f  th e  N u c le o p r o te in  Complex (NC)
The n u c l e o p r o t e in  complex c o n s is t s  o f  t h e  v i r a l  DNA, 
i n t e g r a s e  and p o s s i b l y ,  in  t h e  case o f  MoMLV, CA p r o t e i n  
(Bowerman e t  a 7 . ,  1989)  and RT l i n k e d  by d i s u l p h i d e  and non-  
c o v a le n t  i n t e r a c t i o n s  (Hu e t  a 7 . ,  1 9 8 6 ) .  H IV-1  may d i f f e r  
in  t h a t  o n ly  v i r a l  DNA and IN a re  d e te c te d  w i t h  no e v id e n c e  
f o r  gag gene p rod u c ts  o r  RT ( F a r n e t  and H a s e l t i n e ,  1 9 9 1 a ) .  
The s t r u c t u r e  o f  t h e  u n i n t e g r a t e d  DNA i s  t h a t  expected  from  
t h e  process o f  re v e r s e  t r a n s c r i p t i o n ;  however, two 
n u c l e o t id e s  have been c le a v e d  from t h e  3 1 ends ( F u j i w a r a  and 
M iz u u c h i ,  1988; Brown e t  a l . ,  1 9 8 9 ) .  The n u c l e o p r o t e in  
complex i s  c a p a b le  o f  i n t e g r a t i o n  in  th e  absence o f  c e l l u l a r  
components and i s  necessary  f o r  i n t e g r a t i o n  as naked v i r a l
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F i g u r e  1 . 4  The  I n t e g r a t i o n  R e a c t i o n .  The f u l l - l e n g t h  v i r a l  
DNA i s  p r o c e s s e d  by i n t e g r a s e  r e m o v i n g  2 n u c l e o t i d e s  f r om  
t h e  3 1 e n d s .  The c e l l u l a r  DNA i s  c l e a v e d  i n  a 4 bp 
s t a g g e r e d  c u t  and j o i n e d  t o  t h e  v i r a l  DNA. R e p a i r  o f  t h e  
gap f o l l o w s  t h e  l o s s  o f  two more n u c l e o t i d e s ,  l e a v i n g  a 4 bp 
d i r e c t  r e p e a t  (DR)  and i s  a c c o m p l i s h e d  by c e l l u l a r  enzymes.
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DNA t r a n s f e c t s  p o o r ly  (Brown e t  a l . ,  1987; Bowerman e t  a 1. ,  
1 9 8 9 ) .
1 . 6 . 2  LTR Cleavage ( 3 1 P ro c e ss in g )
The v i r a l  LTR ends ( a t t  s i t e s )  a r e  r e q u i r e d  in  c i s  f o r
i n t e g r a t i o n .  The a t t  s i t e  i s  processed by th e  removal o f  
two n u c l e o t id e s  from th e  3 1 ends o f  th e  v i r a l  DNA (Dhar e t  
a l . ,  1980; Brown e t  a 7 . , 1989; Roth e t  a l . ,  1989; Is h im o to  
e t  a l . ,  1 9 9 1 ) .  I n i t i a l  r e p o r t s  suggested t h a t  o n ly  1 bp was 
l o s t  from t h e  ends o f  HIV-1  DNA (Varmus and Brown, 1 9 8 9 ) ,  
but  subsequent s tu d ie s  e s t a b l i s h e d  th e  lo ss  o f  2 bp ( P u l l e n  
and Champoux, 1990; Pauza, 1990; Kulkosky e t  a 7 . ,  1990; Hong 
e t  a l . ,  1 9 9 1 ) .  The endonuclease r e a c t i o n  i s  a s i t e  s p e c i f i c  
h y d r o l y s i s  by n u c l e o p h i l i c  a t t a c k  o f  a p h os phod ie s te r  bond. 
A lc o h o ls  can serve  as t h e  n u c l e o p h i l e  f o r  HIV (Engelman e t  
a 7 . , 1 9 9 1 ;  V in k  e t  a l . ,  1 9 9 1 a ) .  There  i s  no ev idence  f o r  a
c o v a le n t  l i n k a g e  f o r  HIV but  AMV and RSV do form a c o v a le n t
l i n k a g e  to  th e  5 '  ends o f  th e  DNA through s e r i n e  or  
t h r e o n i n e  r e s id u e s  (Katzman e t  a l . ,  1 9 9 1 ) .  The two te r m in a l  
3 '  re s id u e s  a re  removed as a d i n u c l e o t i d e  ( F i t z g e r a l d  e t  
a l . ,  1 9 91 ) .
The v i r a l  ends form i n v e r t e d  r e p e a t s ,  which a re  a 
p e r f e c t  pa l indrom e in  th e  case o f  MoMLV and im p e r f e c t  in  the  
case o f  HIV and a v ia n  v i r u s e s .  A l though th e  sequence o f  th e  
i n v e r t e d  r e p e a ts  v a r i e s  w id e ly  across  th e  r e t r o v i r u s e s , each 
being  v i r u s  s p e c i f i c ,  one f e a t u r e  i s  conserved: th e  sequence 
o f  t h e  p r o v i r u s  i s  a lmost  a lways 5 ' T G . . . C A 3 '  (Varmus, 1 9 8 2 ) .
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Many s t u d ie s  have d e f in e d  th e  LTR sequence s p e c i f i c i t y  and 
le n g th  o f  sequence r e q u i r e d  f o r  c o r r e c t  i n t e g r a t i o n  
( re v ie w e d  by C r a i g i e ,  1 9 9 2 ) .  C o l i c e l l i  and G o f f  (1 9 8 5 )  and 
Basu and Varmus (1 9 9 0 )  e s t a b l i s h e d  th e  conserved CA sequence 
was more im p o r ta n t  than th e  i d e n t i t y  o f  th e  t e r m in a l  
n u c l e o t id e s .  3 ’ p ro c e s s in g  f o r  MoMLV is  de term ined  by the  
p o s i t i o n  o f  th e  CA, not by th e  d i s t a n c e  from th e  LTR edge 
( C o l i c e l l i  and G o f f ,  1 9 8 8 ) .  H IV-1  IN w i l l  c le a v e  up to  5 bp 
in  mutant LTRs w i th  a d d i t i o n a l  n u c l e o t id e s  a t  th e  LTR ends 
(V in k  e t  a l . ,  19 91 b ) .  C leavage appears  t o  be d i r e c t e d  by 
sequences i n t e r n a l  to  th e  LTR end. For MoMLV 7 bp a re  
s u f f i c i e n t  f o r  c le a v a g e  (Murphy e t  a l . ,  1993) and th e  
i d e n t i t y  o f  bases 6 and 7 a r e  most im p o r ta n t  f o r  r e c o g n i t i o n  
(Bushman and C r a i g i e ,  1 9 9 0 ) .  Avian v i r u s e s ,  w i th  im p e r fe c t  
re p e a ts  a t  th e  LTR ends, have d i f f e r e n t  re qu ire m en ts  f o r  
each end. U5 r e q u i r e s  a lo n g e r  r e c o g n i t i o n  sequence than U3 
( C o b r i n i k  e t  a l . ,  1987) w i th  bases 3 and 4 most im p o r ta n t  
f o r  r e c o g n i t i o n  in  both (Katzman e t  a l . ,  1989; C o b r in ik  e t  
a l . ,  1 9 9 1 ) .  H IV,  a ls o  w i th  im p e r f e c t  r e p e a t s ,  r e q u i r e s  a t  
l e a s t  9 bp (Bushman and C r a i g i e ,  1991; LaFemina e t  a l . ,
1991; Sherman e t  a l . ,  1992)  w i t h  bases 3 and 6 im p o r ta n t  f o r  
r e c o g n i t i o n  (Bushman and C r a i g i e ,  1 9 9 2 ) .  The e f f i c i e n c y  o f  
3 '  p roc e s s ing  d i f f e r s  f o r  th e  a v ia n  v i r u s e s  w i th  U3 g r e a t e r  
than U5 f o r  AMV (Vora  e t  a l . ,  1990; F i t z g e r a l d  e t  a l . ,  1991)  
and U5 g r e a t e r  than U3 f o r  HIV (Bushman and C r a i g i e ,  1 9 9 1 ) .
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1 . 6 . 3  E n t r y  i n t o  Nucleus
In  o rd e r  t o  ga in  access t o  th e  t a r g e t  DNA, th e  n u c le o p r o te in
complex must e n t e r  th e  nu c leu s .  The process by which t h i s  
occurs  i s  p o o r ly  unders tood.  Evidence from MoMLV suggests  
t h a t  m i t o s i s ,  w i th  th e  breakdown o f  th e  n u c le a r  membrane, i s  
r e q u i r e d  f o r  i n t e g r a t i o n  (Roe e t  a 7 . ,  1 9 9 3 ) .  T h is  s tudy  
e s t a b l i s h e d  t h a t  i n t e g r a t i o n  does not occur when c e l l s  a re  
a r r e s t e d  a t  G i , S, and G2 , i n t e g r a t i o n  occurred  o n ly  a f t e r  
metaphase. Li (1 9 9 3 )  p re s e n ts  ev id e n c e  t h a t  f o r  HIV-1
i n t e g r a t i o n  o n ly  occurs d u r in g  c e l l  d i v i s i o n .  Evidence a ls o
suggests t h a t  th e  n u c l e o p r o t e in  complex may be a c t i v e l y  
t r a n s p o r t e d  to  th e  nucleus  in d e p e n d e n t ly  o f  c e l l  d i v i s i o n  
v i a  a n u c le a r  l o c a l i z a t i o n  s ig n a l  in  th e  MA p r o t e i n  
(B u k r in s k y  e t  a l  1 9 9 3 ) .  However, t h e r e  i s  no ev idence  t h a t  
MA i s  p a r t  o f  th e  n u c l e o p r o t e in  complex (F a r n e t  and 
H a s e l t i n e ,  1 9 9 1 a ) .  The p o s s i b i l i t y  e x i s t s  t h a t  th e  s m a l le r  
complex o f  HIV-1  may be smal l enough to  be t r a n s p o r t e d  
th rough n u c le a r  pores .  One o t h e r  o b s e r v a t i o n ,  t h a t  o f  a 
n u c le a r  l o c a l i z a t i o n  s ig n a l  i d e n t i f i e d  in  ALV IN ,  p r o v id e s  a 
t h i r d  way o f  e x p l a i n i n g  e n t r y  ( L i n  and G ra n d g e n e t t ,  1 9 9 1 ) .  
RSV IN expressed in  mammalian c e l l s  l o c a l i z e s  t o  th e  nucleus  
(Mumm e t  a 7 . ,  1 9 9 2 ) .  C l e a r l y ,  f u r t h e r  s tudy i s  needed to  
r e s o lv e  th e  q u e s t io n  o f  how t h e  n u c l e o p r o t e in  complex e n te r s  
th e  nu c leus;  i t  may prove  t o  be v i r u s  s p e c i f i c .
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1 . 6 . 4  I n t e g r a t i o n  S u b s t r a t e
Once in s i d e  th e  nucleus  th e  v i r a l  DNA ta k e s  one o f  t h r e e  
forms: l i n e a r ,  2-LTR c i r c l e s ,  and 1-LTR c i r c l e s .  The
s u b s t r a t e  f o r  i n t e g r a t i o n  was o r i g i n a l l y  thought  to  be th e  
2-LTR c i r c l e  formed by th e  b lu n t -e n d e d  l i g a t i o n  o f  th e  ends 
o f  v i r a l  DNA, i . e .  w i th  th e  3 1 t e r m i n i  i n t a c t  (Panganiban  
and Temin, 1984; G randg en ett  and Vora ,  1985; Grandgenett  e t  
a l . ,  1 9 8 6 ) .  The c i r c l e  j u n c t i o n  was subsequen t ly  shown not  
t o  be an e f f i c i e n t  s u b s t r a t e  f o r  c le a v a g e  ( F u j iw a r a  and 
M iz u u c h i ,  1988; Brown e t  a l . ,  1989; E l l i s  and B e r n s t e in ,  
1989; Lobel e t  a l . ,  1989)  Thus i t  appears t h a t  th e  l i n e a r  
DNA i s  th e  immediate p r e c u r s o r  t o  i n t e g r a t i o n .  In  s tu d ie s  
o f  H IV ,  2 LTR c i r c l e s  were shown to  r e s u l t  from b lu n t -e n d e d  
l i g a t i o n  or  a u t o - i n t e g r a t i o n  even ts  w i th  c e l l u l a r  f a c t o r s  
r e q u i r e d ;  1 LTR c i r c l e s  r e s u l t  from reco m b in a t io n  even ts  
( F a r n e t  and H a s e l t i n e ,  1 9 9 1 b ) .  As y e t ,  th e  r o l e  o f  th e  
c i r c u l a r  v i r a l  DNA i s  unknown.
1 . 6 . 5  I n t e g r a t i o n  S i t e
There  i s  l i t t l e  ev id e n c e  t o  suggest sequence p re fe re n c e s  a t  
t h e  s i t e  o f  p r o v i r a l  i n t e g r a t i o n ,  d e s p i t e  th e  o b s e r v a t io n  
t h a t  many r e t r o v i r u s e s  p r e f e r e n t i a l 1y i n t e g r a t e  i n t o  
s p e c i f i c  chromosomal l o c a t i o n s  ( re v ie w e d  by C r a i g i e ,  1 9 9 2 ) .  
Many s tu d ie s  have i n v e s t i g a t e d  th e  i n t e g r a t i o n  s i t e  
s p e c i f i c i t y  in  both i n v i t r o  and i n v i v o  systems. P r y c ia k  
and co -w o rk e rs  (1 9 9 2 a ,  1992b) compared i n t e g r a t i o n  s i t e s  o f
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MoMLV in  c e l l - f r e e  and i n v i v o  assays ,  d e m o n s t ra t in g  v i r a l  
DNA could  i n t e g r a t e  i n t o  e i t h e r  naked DNA or  nucleosomal DNA 
but  w i t h  a p r e fe r e n c e  f o r  nucleosomal DNA. The sequence  
p r e fe r e n c e  was f o r  AT r i c h  r e g io n s ,  and a 10 bp p e r i o d i c  
spacing suggested i n t e g r a t i o n  i n t o  t h e  exposed fa c e  o f  th e  
nucleosomal DNA h e l i x .  HIV and a v ia n  v i r u s e s  a ls o  p r e f e r  
AT r i c h  re g io n s  (Hong, 1993; F i t z g e r a l d  e t  a l . ,  1 9 9 2 ) .
There  i s  a ls o  c o n s id e r a b l e  ev ide nc e  t h a t  MoMLV 
p r e f e r e n t i a l 1y i n t e g r a t e s  i n t o  a c t i v e l y  t r a n s c r i b i n g  re g io n s  
( V i j a y a  e t  a 7 . ,  1986; Rohdewohld e t  a 7 . ,  1987; Mooslehner e t  
a 7 . ,  1990; Scherd in  e t  a 7 . ,  1990)
1 . 6 . 6  T a r g e t  C le a v a g e /J o in in g
The t a r g e t  DNA i s  c le a v e d  in  a 4 bp s ta g g e red  c u t  f o r  MoMLV 
(Shoemaker e t  a 7 . ,  1980; van Beveran, 1 9 8 2 ) ,  HIV has a 5 bp 
c u t  ( E l l i s o n  e t  a l  1990; V in c e n t  e t  a l  1990)  w h i l e  t h e  a v ia n  
r e t r o v i r u s e s  e x h i b i t  a 6 bp c le a v a g e  (Hughes e t  a 7 . ,  1 9 8 1 ) ;  
c le a v a g e  was dem onstra ted t o  be IN s p e c i f i c  not r e l a t e d  to  
n u c l e o t i d e  sequence (V in k  e t  a 7 . ,  1 9 9 0 ) .  F o l lo w in g  c le a v a g e  
o f  t h e  t a r g e t  DNA t h e  v i r a l  3 1 ends a r e  j o i n e d  t o  th e  5 1 
t a r g e t  ends. T h is  r e a c t i o n  i s  by a s i n g l e  n u c l e o p h i l i c  
a t t a c k  w i t h  t r a n s f e r  by a o n e -s te p  t r a n s e s t e r i f i c a t i o n  
(Engelman e t  a 7 . ,  1991) w i t h  no exogenous source o f  energy  
r e q u i r e d  (Brown e t  a 7 . ,  1 9 9 0 ) .  A lthough  AMV IN 
p r e f e r e n t i a l l y  b inds  t o  AT r i c h  r e g io n s ,  GC r i c h  r e g io n s  a re  
p r e f e r e d  f o r  th e  j o i n i n g  r e a c t i o n  (G ra n d g e n e t t  e t  a 7 . ,
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1 9 9 3 ) .  A lso  f o r  AMV IN ,  th e  U3 s t ra n d  t r a n s f e r  e f f i c i e n c y  
i s  g r e a t e r  than U5 ( F i t z g e r a l d  e t  a l . ,  1 9 9 2 ) .
1 . 6 . 7  R e s o lu t io n /R e p a i r
R e s o lu t io n  o f  th e  i n t e g r a t i o n  i n t e r m e d i a t e  i s  p rob ab ly  
accomplished by c e l l u l a r  enzymes; t h e r e  is  no ev idence  to  
suggest t h a t  IN m edia tes  r e s o l u t i o n .  R ep a ir  o f  th e  gap is  
accompanied by th e  lo ss  o f  2 n u c l e o t id e s  from th e  5 '  v i r a l  
DNA, f o l lo w e d  by f i l l i n g  in  o f  th e  m iss ing  n u c le o t id e s  and 
l e a v in g  a c h a r a c t e r i s t i c  d i r e c t  r e p e a t .  The number o f  bases 
in  th e  d i r e c t  re p e a t  i s  v i r u s  s p e c i f i c  and i s  a s s o c ia te d  
w i t h  th e  s taggered  c le a v a g e ;  MoMLV le a v e s  a 4 bp d i r e c t  
r e p e a t ,  HIV 5 bp, and ALV/AMV 6 bp.
1 . 6 . 8  D i s i n t e g r a t i o n
D i s i n t e g r a t i o n  i s  th e  r e v e r s e  r e a c t i o n  o f  s t ra n d  t r a n s f e r .  
Given th e  i n t e g r a t i o n  i n t e r m e d i a t e  as a s u b s t r a t e ,  IN 
c a t a l y z e s  a c le a v a g e  o f  th e  LTR-host ju n c t i o n  producing 3 1 
recessed ends and l i g a t e s  th e  t a r g e t  DNA. Both HIV-1 and 
MoMLV IN c a t a l y z e  d i s i n t e g r a t i o n  i n v i t r o  (Chow e t  a l . ,
1992; Jonsson e t  a l . ,  1 9 9 3 ) .  The r o l e  o f  d i s i n t e g r a t i o n  i n 
v i v o  has y e t  t o  be d e te rm in e d .
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1 .7  In t e g r a s e
The r e t r o v i r a l  in t e g r a s e  p r o t e i n s  share  s i m i l a r  f e a t u r e s ,  
some o f  which a re  a ls o  shared by t h e  r e t r o t r a n s p o s o n  
i n t e g r a s e s :  t h e  in t e g r a s e  coding r e g io n  i s  lo c a te d  a t  th e
3 1 p o r t i o n  o f  p o l , a l l  share  a re q u ire m e n t  f o r  a d i v a l e n t  
c a t i o n ,  and t h e  mechanism o f  i n t e g r a t i o n  i s  s i m i l a r .  A 
comparison o f  80 r e t r o v i r a l / r e t r o t r a n s p o s o n  IN sequences  
r e v e a ls  a conserved N - t e r m in a l  z in c  f i n g e r  m o t i f  and a 
c e n t r a l  D ,D (3 5 )E  re g io n  (Khan e t  a 1. ,  1 9 9 1 ) .
C h a r a c t e r i z a t i o n  o f  th e  r o l e s  o f  th e s e  conserved domains has 
been p r i m a r i l y  w i th  H IV - 1 ,  H IV -2  and a v ia n  INs and can be 
g e n e r a l i z e d  as f o l l o w s :  th e  z in c  f i n g e r  m o t i f  i s  in v o lv e d
in  b in d in g  t o  the  LTR, 3 '  p r o c e s s in g ,  and s t r a n d  t r a n s f e r  
(Engelman and C r a i g i e ,  1992; van Gent e t  a l . ,  1992; L e a v i t t  
e t  a 7 . ,  1993; V in c e n t  e t  a l . ,  1993) and th e  D ,D (3 5 )E  re g io n  
i s  in v o lv e d  in  3 ’ p ro c e s s in g ,  s t ra n d  t r a n s f e r ,  
d i s i n t e g r a t i o n  and f u n c t i o n s  as th e  c a t a l y t i c  c e n t r e  (Khan 
e t  a l . ,  1991; D r e l i c h  e t  a l . ,  1992; Engelman and C r a i g i e ,  
1992; Kulkosky e t  a l . ,  1992; LaFemina e t  a l . ,  1992; van Gent  
e t  a l . ,  1992; Bushman e t  a l . ,  1993; L e a v i t t  e t  a l . ,  1993;  
van Gent e t  a l . ,  1993a, 1993b; V in k  e t  a / . ,  1 9 9 3 ) .  DNA 
b in d in g  i s  l o c a l i z e d  t o  t h e  C - te rm in u s  o f  HIV-1  (Woerner and 
M a rcu s-S ekura ,  1993) and a v ia n  IN (Mumm and G ra n d g e n e t t ,  
1 9 9 1 ) .  A l e u c i n e  z ip p e r  m o t i f  has a ls o  been i d e n t i f i e d  f o r  
RSV, H IV - 1 ,  and H IV -2  IN which may f u n c t i o n  as a 
d i m e r i z a t i o n  s ig n a l  ( L i n  and G ra n d g e n e t t ,  1 9 9 1 ) .  A 
d i m e r i z a t i o n  s ig n a l  agrees  w i t h  e v id e n c e  t h a t  IN f u n c t i o n s
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as a m u l t im e r ;  a v ia n  IN as a d imer o r  t e t r a m e r  (G ra n d g e n e t t  
e t  a 7 . ,  1978; Katz e t  a l . , 1992; Jones e t  a l . , 1992) and 
HIV-1  as a dimer (Engelman e t  a l . ,  1993; V in c e n t  e t  a l . ,  
1 9 9 3 ) .  In t e g r a s e  can c r o s s - r e a c t  w i t h  t h e  DNA o f  a n o th e r  
v i r u s ,  f o r  in s ta n c e  HIV-1 and H IV -2  a re  in t e r c h a n g a b le  (van  
Gent e t  a l . ,  1991) and MoMLV IN can a c t  on HIV-1  DNA ( V in k  
e t  a l . ,  1 9 9 0 ) .
1 . 7 . 1  MoMLV IN
MoMLV IN i s  a 46 kDa p r o t e i n  t h a t  i s  not  p h o s p h o ry la te d  
(Tanese e t  a l . ,  1 9 8 6 ) .  The d i v a l e n t  c a t i o n  re q u ire m e n t  i s  
f o r  Mn2 + ( C r a i g i e  e t  a l . ,  1 9 9 0 ) .  Whether or  not Mg2 + can 
s u b s t i t u t e  has not been c o n c l u s i v e l y  e s t a b l i s h e d .  C r a i g i e  
and c o -w o rk e rs  (1 9 9 0 )  r e p o r t  t h a t  Mg2+ can s u b s t i t u t e  i n  
v i t r o  in  3 1 p roc e s s ing  but  th e  r e a c t i o n  i s  l e s s  s p e c i f i c ,  
c l e a v i n g  2 or  3 n u c l e o t id e s  from th e  3 '  end. Jonsson e t  a l .  
( 1 9 9 3 )  r e p o r t  no 3 '  p ro c e s s in g  or  s t r a n d  t r a n s f e r  w i t h  Mg2+ 
i n  v i t r o ,  w h i l e  Is h im o to  e t  a l .  ( 1 9 9 1 )  r e p o r t  3 1 p ro c e s s in g  
in  t h e  presence o f  Mg2+ i n v i t r o  when th e  source o f  IN i s  
f rom d i s r u p t e d  v i r i o n s .  R ea c t io n  c o n d i t i o n s  have been 
s t u d i e d  by Jonsson and co -w o rk e rs  ( 1 9 9 3 ) .  The optimum Mn2+ 
c o n c e n t r a t io n  i s  5 -  10 mM f o r  3 '  p ro c e s s in g  and s t ra n d  
t r a n s f e r .  KC1 s t i m u l a t e s  s t ra n d  t r a n s f e r ,  but  NaCl i n h i b i t s  
t h e  r e a c t i o n .  DTT is  r e q u i r e d  f o r  s t r a n d  t r a n s f e r ,  p-ME 
cannot  s u b s t i t u t e .  For d i s i n t e g r a t i o n ,  t h e  optimum Mn2+ 
c o n c e n t r a t io n  i s  25 mM and 3-ME can s u b s t i t u t e  f o r  DTT.
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1 . 7 . 2  HIV IN
HIV IN i s  a 32 kDa p r o t e i n ,  i s  not  p h o s p h o ry la te d  and shares  
a 20% amino a c id  i d e n t i t y  w i th  MoMLV IN .  Mn2+ i s  r e q u i r e d  
f o r  a c t i v i t y ,  but Ca2 + and Mg2+ can s u b s t i t u t e  ( B i l l i c h  e t  
a 7 . ,  1992; D r e l i c h  e t  a 7 . ,  1 9 9 2 ) .  R ea c t io n  c o n d i t io n s  a re  
d i f f e r e n t  from those f o r  MoMLV. KC1 i n h i b i t s  3 '  p ro c e s s in g  
and s t ra n d  t r a n s f e r  and NaCl s t i m u l a t e s  them ( C r a i g i e  e t  
a 7 . ,  1991; Engelman e t  a 7 . ,  1991; V in k  e t  a 7 . ,  1 9 9 1 ) .  DTT 
i s  r e q u i r e d  f o r  s t ra n d  t r a n s f e r ,  but  (3-ME can s u b s t i t u t e  
(Sherman and F y fe ,  1 9 9 0 ) .
1 . 7 . 3  Avian IN
Avian IN i s  a 32 kDa p r o t e i n  t h a t  i s  p h o s p h o ry la te d  on a 
s e r i n e  re s id u e  a t  th e  C - te rm in u s  (H or ton  e t  a 7 . ,  1988)  but  
p h o s p h o r y la t io n  i s  not necessary  f o r  IN a c t i v i t y  i n v i t r o  
(H orton  e t  a 7 . ,  1 9 91 ) .  The p ro c e s s in g  o f  t h e  pol p r o t e i n s  
o f  a v ia n  r e t r o v i r u s e s  d i f f e r s  from MoMLV as RT i s  a 
h e te ro d im e r  o f  a and 3 p o ly p e p t id e s .  IN i s  d e r iv e d  from th e  
C - t e r m in a l  re g io n  o f  t h e  8 p o ly p e p t id e  w i t h  th e  C - t e r m in a l  4 
kDa removed by the  v i r a l  p r o t e a s e .  The d i v a l e n t  c a t i o n  
re q u ire m e n t  has not been d e te rm ined  w i t h  c e r t a i n t y .  Mn2+ is  
r e q u i r e d  f o r  3 '  p ro c e s s in g ,  s t ra n d  t r a n s f e r  i s  reduced in  
th e  presence o f  Mg2+ (Katzman e t  a 7 . ,  1989) t h e  s p e c i f i c i t y  
o f  3 '  p roc e s s ing  i s  d i f f e r e n t  f o r  Mn2+ or  Mg2 + , w i th  2 
n u c l e o t id e s  c le a v ed  w i t h  Mg2+ and 2 or  3 w i t h  Mn2+ (K a tz  e t  
a l . ,  1 9 9 0 ) .  F i t z g e r a l d  e t  a l .  ( 1 9 9 2 )  r e p o r t  t h a t  th e  c a t i o n
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p r e f e r e n c e  i s  dependent on th e  i n v i t r o  assay used. RSV IN 
i s  th e  o n ly  IN dem onstra ted t o  be ca p a b le  o f  m u l t i p l e  
tu r n o v e r  (Jones e t  a l . ,  1 9 9 2 ) .
1 . 7 . 4  R e tro t ra n s p o s o n s
R e t r o v i r a l  i n t e g r a s e s  appear  t o  have an e v o l u t i o n a r y  
r e l a t i o n s h i p  t o  t h e  r e t r o t r a n s p o s o n s  ( D o o l i t t l e  e t  a l . ,  
1989; r e t r o t r a n s p o s o n s  rev iewed by Boeke, 1988; Boeke and 
Chapman, 1 9 9 1 ) .  S i m i l a r i t i e s  e x i s t  in  genomic s t r u c t u r e ,  
o r g a n i z a t i o n  and p r o t e i n s ,  a l th o u g h  in  terms o f  the  
r e t r o t r a n s p o s o n  l i f e  c y c l e ,  l a c k  an e x t r a c e l l u l a r  phase.
The i n t e g r a t i o n  p r o t e i n s  have v a r y in g  l e v e l s  o f  sequence 
homology; conserved re g io n s  in c lu d e  t h e  z in c  f i n g e r  m o t i f  
and D ,D (3 5 )E  r e g io n .  The i n t e g r a t i o n  r e a c t i o n  i s  a ls o  
s i m i l a r .  The i n t e g r a s e  f a m i l y  ( lambda in t e g r a s e ,  FLP, and 
C re )  a t t a c h  t o  broken DNA through a 3 1 ph os p h o d ie s te r  
l i n k a g e  t o  t y r o s i n e ,  and g e n e r a te  s ta g g e red  breaks  w i t h  5'  
p r o t r u d i n g  ends o f  6 -8  bp. The re s o lv a s e  and i n v e r t a s e  
f a m i l y  a t t a c h  t o  broken DNA through a 5 1 p h osphod ies ter  
l i n k a g e  t o  a s e r i n e ,  g e n e r a te  s ta g g e red  breaks  w i th  3 '  
p r o t r u d i n g  end o f  2 bp. The i n t e g r a t i o n  mechanism o f  phage 
Mu most c l o s e l y  resembles th e  r e t r o v i r a l  i n t e g r a t i o n  
r e a c t i o n  (M izuu ch i  and C r a i g i e ,  1 9 8 6 ) .
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1 .8  Aims o f  Work
With  th e  w o r ld -w id e  pandemic o f  HIV i n f e c t i o n ,  s i g n i f i c a n t  
e f f o r t s  a re  be ing  made t o  d is c o v e r  a n t i - r e t r o v i r a l  
c h e m o th e r a p e u t ic s . In t e g r a s e  i s  a unique t a r g e t  f o r  
a n t i v i r a l  chemotherapy as no c e l l u l a r  analogues o f  IN a re  
known. A th ro ro u g h  un d e rs ta n d in g  o f  th e  enzyme is  needed in  
o r d e r  to  des ign  s p e c i f i c  i n h i b i t o r s .  At th e  o u ts e t  o f  t h i s  
p r o j e c t ,  MoMLV had been th e  s u b je c t  o f  many more y ears  o f  
i n v e s t i g a t i o n  than H IV.  As a r e s u l t ,  th e  IN p r o t e i n  from 
MoMLV was b e t t e r  c h a r a c t e r i z e d  and understood than IN from  
HIV .  MoMLV IN w i l l  s e rve  as a model f o r  th e  s tudy o f  HIV IN 
and w i l l  complement work in  t h i s  l a b o r a t o r y  on th e  
e x p re s s io n  and c h a r a c t e r i z a t i o n  o f  HIV IN .
T h e r e f o r e ,  th e  aims o f  t h i s  work a re  to  deve lop  an 
e x p re s s io n  system f o r  MoMLV IN in  E. c o l i  and demonstra te  
a c t i v i t y  o f  th e  recombinant  IN in  i n v i t r o  assays.  A 
k i n e t i c  assay f o r  IN w i l l  be deve loped and th e n ,  using s i t e -  
d i r e c t e d  mutagenesis ,  th e  a c t i v e  and c a t a l y t i c  re s id u e s  o f  
IN w i l l  be i n v e s t i g a t e d .  The r o l e  o f  th e  z in c  f i n g e r  m o t i f  
w i l l  a ls o  be i n v e s t i g a t e d .
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C hapter  2
T h is  c h a p te r  d e s c r ib e s  th e  m a t e r i a l s  and methods t h a t  a re  
common to  C hapters  3 - 7 .
2 .1  M a t e r i a l s
2 . 1 . 1  B a c t e r i a l  S t r a i n s .  Plasmids and C u l t u r e  M a t e r i a l
The f o l l o w i n g  b a c t e r i a l  s t r a i n s  were used and t h e i r  
genotypes l i s t e d .
TG1- supE hsd*5  t/?7A( 7ac-proAB)  F 1 [ t ra D 3 6  proAEP l a d *  lacZ  
M15] .
TB1- a r a * ( l a c  proAB) rspLUJ>80 7acZAM15) hsdR.
JM105- supE endA sbcB15 hsdRA vpsL th i& (  1 ac-proAB)  F ’ [ t r a D 3 6  
proAB* l a c l * 7acZaM15].
B L21(DE3)-  hsdS ga l{h c Its !B 57  inch Sam7 nin5  7acUV5-T7 gene 7) 
CAG629 was used w i th  p e rm is s io n  from C e l l  Tech. The s t r a i n  
was made by Dr C. Cross ( U n i v e r s i t y  o f  W isconsin ,  USA). The 
genotype i s  unpub l ished  but  th e  p a r e n t  s t r a i n s  a re  d e s c r ib e d  
in  Baker e t  a l . ( 1 9 8 4 ) .
Plasmids pTZ19R and pRIT5 were from Pharmacia. Plasmid  
p I F  was th e  g i f t  o f  Paul Krogstad and James Champoux 
( U n i v e r s i t y  o f  W a s h jn g t o n - S e a t t l e ,  USA). The c o n s t r u c t io n  
o f  p I F  i s  d e s c r ib e d  in  Krogstad and Champoux ( 1 9 9 0 ) .  pMAL-c
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and th e  p u r i f i c a t i o n  system were from New England BioLabs.  
p R IT -5  was from Pharmacia.
C u l t u r e  media were from D i f c o .  LB medium was 1.0%
( w / v )  b a c t o - t r y p t o n e ,  0.5% (w / v )  b a c t o - y e a s t  e x t r a c t ,  1.0% 
(w / v )  N a C l . S to ra ge  p l a t e s  f o r  b a c t e r i a l  s t r a i n s  was LB 
agar (1 .5%  ( w / v )  b a c t o - a g a r  in  LB. Long-term s to ra g e  o f  
b a c t e r i a l  s t r a i n s  was in  LB in  24% g l y c e r o l  a t  - 7 0 °C .  
A m p i c i l l i n  was from Sigma and used in  a c o n c e n t r a t io n  o f  0 .1  
mg/ml. B a c t e r i a l  s t r a i n  CAG629 was m a in ta in e d  and s e le c te d  
w i t h  t e t r a c y c l i n e  (Sigma) a t  a c o n c e n t r a t io n  o f  40 p g /m l . 
H i n d l l l  and P s t I  d ig e s te d  lambda DNA were from Pharmacia or  
N orthum br ia  B i o l o g i c a l s .
2 . 1 . 2  Enzymes and Reagents
Goat a n t i - r a b b i t  IgG a l k a l i n e  phosphatase and h o rs e ra d is h  
p e r o x id a s e  c o n ju g a te s  were from Sigma. [j[3 2 P]ATP and 
NENsorb columns were from NEN Dupont. R e s t r i c t i o n  enzymes 
were from Pharmacia,  Northum bria  B i o l o g i c a l s ,  o r  Boehringei— 
Mannheim. T4 p o l y n u c l e o t i d e  k in a s e ,  IPTG, and Prepagene  
were from N orthum br ia  B i o l o g i c a l s .  GeneClean I I  was from 
Bio 101 I n c .  C a l f  i n t e s t i n a l  a l k a l i n e  phosphatase and One- 
P h o r - A l 1 b u f f e r  Plus were from Pharmacia. T4 DNA l i g a s e  was 
from S t r a t a g e n e .  Sequenase enzyme and sequencing k i t  was 
from U n i te d  S t a t e s  B io c h e m ic a l .  N i t r o c e l l u l o s e  and SDS-PAGE 
m o le c u la r  w e ig h t  markers were from BioRad. The ECL
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d e t e c t i o n  system was from Amersham. A r i s t a r  methanol was 
from BDH. A l l  o th e r  re ag en t  were from BDH, F isons or  Sigma.
2 . 2  Methods
2 . 2 . 1  H o r i z o n t a l  Agarose Gel E le c t r o p h o r e s is
H o r i z o n t a l  agarose  g e ls  were used t o  a n a ly z e  DNA. Gels  were  
1.0% agarose  in  1j< TAE (40  mM T r i  s - a c e t a t e ,  1 mM EDTA) . 
E th id iu m  bromide was added t o  a c o n c e n t r a t io n  o f  0 . 5  p g / m l . 
The g e ls  were run b u f f e r e d  in  1x TAE a t  3 -1 0  V/cm, lower  
v o l t a g e  was used when th e  DNA was t o  be e x t r a c t e d  from th e  
g e l .  The lo a d in g  b u f f e r  (0 .25%  ( w / v )  bromophenol b lu e ,
0.25% ( w / v )  x y le n e  c y a n o l , 40% ( w / v )  sucrose)  was added to  
t h e  sample p r i o r  t o  lo a d in g  t h e  gel a t  a 0 .2 x  volume.  
M o le c u la r  w e ig h t  markers were H i n d l l l  o r  P s t I  d ig e s te d  
lambda DNA.
2 . 2 . 2  P r e p a r a t i o n  o f  Competent E. co l  i
E.  coTi  was grown in  LB to  m id - lo g  phase a t  37°C w i th  
v ig o ro u s  s h a k in g .  The c u l t u r e  was c h i l l e d  on ic e  f o r  10 
m in u te s ,  then  c e n t r i f u g e d  a t  3000 rpm f o r  10 min. The c e l l s  
were resuspended in  i c e - c o l d ,  s t e r i l e  CaCl2 s o l u t i o n  (50 mM 
CaCl2 , 10 mM T r i s - C l  (pH 8 . 0 ) )  to  o n e - h a l f  th e  o r i g i n a l  
c u l t u r e  volume and p lac e d  on ic e  f o r  15 m inu tes .  The 
suspension was c e n t r i f u g e d  a t  3 ,0 0 0  rpm f o r  10 m inu tes ,  th e
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s u p e rn a ta n t  d is c a rd e d  and th e  c e l l s  resuspended in  CaCl2 to  
o n e - f i f t e e n t h  th e  o r i g i n a l  c u l t u r e  volume. The c e l l  
suspension was t r a n s f e r r e d  to  p r e - c h i  l i e d  Eppendorf  tubes  in  
200 pi a l i q u o t s  and s to r e d  a t  4°C f o r  1 6 -2 4  hours.
2 . 2 . 3  T r a n s fo r m a t io n  o f  E. c o l  i
Plasmid DNA, up t o  10 ng, was added in  50 pi TE (10 mM T r i s -  
C1 (pH 8 . 0 ) ,  1 mM EDTA (pH 8 . 0 ) )  t o  competent E. col  i c e l l s .  
The b a c t e r i a l  suspension was p la c e d  on i c e  f o r  60 m inu tes ,  
then  t r a n s f e r r e d  t o  a 42°C w a te r  bath  f o r  2 m inu tes .  LB 
( 0 . 8  ml)  was added and th e  tubes  p lac e d  a t  37°C f o r  1 hour  
t o  a l l o w  t h e  a n t i b i o t i c  r e s i s t a n c e  gene t o  be expressed .  LB 
agar  p l a t e s  w i t h  th e  a p p r o p r i a t e  a n t i b i o t i c  were in o c u la t e d  
w i t h  250 pi o f  b a c t e r i a l  suspension ,  a l lo w e d  t o  absorb and 
in cu b a ted  a t  37°C o v e r n i g h t .
2 . 2 . 4  Ethanol P r e c i p i t a t i o n  o f  DNA
DNA was p r e c i p i t a t e d  w i t h  2 . 5  volumes c o ld  a b s o lu te  e thano l  
and o n e - t e n t h  volume NaAc (3M NaAc, pH 4 . 8 ) .  The s o l u t i o n  
was p lac e d  a t  -2 0 °C  f o r  3 0 -6 0  minutes  o r  a t  -7 0 °C  f o r  15 
m in u tes .  The DNA was p e l l e t e d  by c e n t r i f u g a t i o n  a t  1 3 ,0 0 0  
rpm f o r  10 m inu tes .  The e th a n o l  s o l u t i o n  was removed, th e  
p e l l e t  resuspended in  70% e thano l  and v o r t e x e d .  The DNA was 
p e l l e t e d  a g a in ,  th e  e th a n o l  removed and th e  p e l l e t  d r i e d  in
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a vacuum 1y o p h i I i z e r . The DNA was taken  up in  an 
a p p r o p r i a t e  volume o f  H2 O or  TE.
2 . 2 . 5  P h e n o l /C h io ro fo rm  E x t r a c t i o n  o f  DNA
P h e n o l /c h io r o fo r m  e x t r a c t i o n  was used t o  p u r i f y  DNA. An 
equal volume o f  phenol or  p h e n o l /c h io r o fo r m  (2 5 :2 4 :1  
phenol . -chloroform: i so-amyl - a l c o h o l ; phenol e q u i l i b r a t e d  to  
pH 8 . 0  w i th  T r i s - C l ,  pH 8 . 0 )  was added to  th e  DNA s o l u t i o n .  
The m ix t u r e  was v o r te x e d  and c e n t r i f u g e d  b r i e f l y  to  s e p a ra te  
th e  aqueous and o r g a n ic  phases. The aqueous l a y e r  was 
t r a n s f e r r e d  t o  a f r e s h  Eppendorf  tube  and washed t w ic e  w i th  
c h lo ro fo rm  (2 4 :1  c h i o r o f o r m : i s o - a m y l - a l c o h o l ) to  removed any 
r e s i d u a l  ph en o l ,  v o r t e x i n g  and c e n t r i f u g i n g  as d e s c r ib e d  
above. The f i n a l  aqueous phase was e thano l  p r e c i p i t a t e d .
2 . 2 . 6  Rapid P r e p a r a t io n  o f  P lasmid DNA ( m i n i - p r e p )
M i n i - p r e p s  were used f o r  p lasm id  a n a l y s i s  o n ly .  1 . 5 - 5  ml o f  
an o v e r n ig h t  c u l t u r e  o f  t ra n s fo rm e d  b a c t e r i a  were  
c e n t r i f u g e d  a t  1 3 ,0 0 0  rpm f o r  10 m inu tes .  The medium was 
removed and th e  c e l l s  resuspended in  100 pi o f  i c e - c o l d  GTE 
(50  mM g lu c o s e ,  10 mM EDTA, 25 mM T r i s - C l  (pH 8 . 0 ) )  and the  
c e l l  suspension v o r t e x e d .  A f t e r  s ta n d in g  f o r  5 minutes a t  
room t e m p e r a tu r e ,  200 pi o f  0 . 2  M NaOH, 1.0% ( w /v )  SDS was 
added and th e  tubes  i n v e r t e d  2 - 3  t im e s ,  then s to re d  on ic e  
f o r  5 m inu tes .  150 pi o f  i c e - c o l d  KAc (3 M KAc (pH 4 . 8 ) )
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was added, v o r te x e d  g e n t l y ,  s to r e d  5 minutes on i c e  and 
c e n t r i f u g e d  a t  1 3 , 0 0 0 ' rpm f o r  5 m inu tes .  The s u p e r n a ta n t  
was t r a n s f e r r e d  t o  a f r e s h  tu b e .  The s u p e r n a te n t  was then  
e i t h e r  e th a n o l  p r e c i p i t a t e d ,  is opropanol  p r e c i p i t a t e d  (equa l  
volume o f  is o p r o p a n o l )  or  p h e n o l /c h o ro fo rm  e x t r a c t e d .
S to ra g e  was in  TE a t  - 2 0 ° C .
2 . 2 . 7  Medium S c a le  P r e p a r a t io n  o f  Plasmid DNA (m in i -m a x i  
Prep)
M in i -m a x i  p rep  was done a c c o rd in g  t o  th e  method o f  Noguchi 
( 1 9 9 1 ) .  B r i e f l y ,  E. c o l  i  t ra n s fo rm e d  w i t h  t h e  p lasm id  o f  
c h o ic e  was grown t o  s a t u r a t i o n  o v e r n ig h t  in  50 ml LB w i t h  
th e  a p p r o p r i a t e  a n t i b i o t i c  s e l e c t i o n .  The c e l l s  were  
p e l l e t e d  by c e n t r i f u g a t i o n  a t  3 ,0 0 0  rpm f o r  10 m inu tes  then  
resuspended in  2 ml 50-1 TE (50  mM T r i s - C l  (pH 8 . 0 ) ,  1 mM 
EDTA). The c e l l s  were p e l l e t e d  by c e n t r i f u g a t i o n  a t  1 3 ,0 0 0  
rpm f o r  2 m inutes  and t h e  p e l l e t  resuspended in  300 pi STE 
(15% (w /v )  sucrose ,  50 mM T r i s - C l  (pH 8 . 0 ) ,  1 mM EDTA).  
Lysozyme ( 0 . 5  mg in  STE) was added, th e  s o l u t i o n  mixed by 
i n v e r s i o n ,  and b r i e f l y  in c u b a te d  on i c e .  TTE (300 p i ;  0 .1  % 
T r i t o n  X100, 50 mM T r i s - C l  (pH 8 . 0 ) ,  50 mM EDTA) was added 
and t h e  s o l u t i o n  in c u b a te d  a f u r t h e r  10 minutes  on i c e .
DEPC (2  p i )  was added, mixed by i n v e r s i o n ,  then  b o i l e d  f o r  
45 seconds. The c e l l  d e b r i s  was p e l l e t e d  by c e n t r i f u g a t i o n  
a t  1 3 ,0 0 0  rpm f o r  10 m inutes  and th e  p e l l e t  removed. The 
s u p e r n a ta n t  was e th a n o l  p r e c i p i t a t e d  and t h e  p e l l e t
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resuspended in  w a te r .  The s o l u t i o n  was t r e a t e d  w i t h  50 pg 
RNase A a t  37°C f o r  15 m inutes  then  t r e a t e d  w i t h  1 pi  
P r o te in a s e  K a t  50°C f o r  15 m in u tes .  NaCl was added t o  a 
f i n a l  c o n c e n t r a t i o n  o f  0 .2M and th e  s o l u t i o n  e x t r a c t e d  w i t h  
p h en o l ,  then  e th a n o l  p r e c i p i t a t e d .  S to rage  was in  TE a t  
-2 0 °C .
2 . 2 . 8  Large S c a le  P r e p a r a t io n  o f  P lasmid DNA (C sC l)
E. c o l  i t r a n s fo rm e d  w i t h  th e  p lasm id  o f  c h o ic e  was grown to  
s a t u r a t i o n  in  200 ml LB. The c e l l s  were d i s r u p t e d  by 
a l k a l i n e  l y s i s  as d e s c r ib e d  in  2 . 2 . 6  but w i t h  40 t im e s  th e  
volume o f  GTE, NaOH and KAc. The c e l l  d e b r i s  was p e l l e t e d  
by c e n t r i f u g a t i o n  a t  3 ,0 0 0  rpm f o r  10 minutes  and th e  
s u p e r n a ta n t  t r a n s f e r r e d  t o  a f r e s h  t u b e .  Cesium c h l o r i d e  
was added t o  a c o n c e n t r a t io n  o f  1 .2 2  g/ml s u p e r n a ta n t  p lu s  
o n e - f i f t h  volume o f  e th id iu m  bromide ( 0 . 7 5  m g /m l) .  The 
s o l u t i o n  spun o v e r n ig h t  a t  5 5 ,0 0 0  rpm in  a Beckman T i 50 
r o t o r .  The a p p r o p r i a t e  band was e x t r a c t e d  under UV l i g h t  
and washed x3 w i t h  H2 O s a t u r a t e d  b u t a n - 2 - o l  t o  remove t h e  
e th id iu m  brom ide .  Two volumes o f  H2 O were added and t h e  DNA 
ethano l  p r e c i p i t a t e d .  S to ra g e  was in  TE a t  - 2 0 °C .
2 . 2 . 9  Large S c a le  P r e p a r a t io n  o f  Plasmid DNA C Li C l )
E. c o l  i  t r a n s fo rm e d  w i t h  th e  p lasm id  o f  c h o ic e  was grown t o  
s a t u r a t i o n  o v e r n ig h t  in  100 ml LB w i th  t h e  a p p r o p r i a t e
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a n t i b i o t i c  s e l e c t i o n .  The c e l l s  were p e l l e t e d  by 
c e n t r i f u g a t i o n  a t  3000 rpm f o r  10 m inu tes .  The medium was 
removed t o  f r e s h  tubes  and c e n t r i f u g e d  a g a in .  The c e l l s  
were ly s e d  by t h e  a l k a l i n e  l y s i s  method as d e s c r ib e d  in  
2 . 2 . 6 .  Volumes were: GTE, 4 ml; NaOH/SDS, 8 ml; and KAc, 6
ml.  F o l lo w in g  p e l l e t i n g  o f  t h e  c e l l  d e b r is  by 
c e n t r i f u g a t i o n  a t  3000 rpm f o r  15 m inu tes ,  th e  s u p e rn a ta n t  
was t r a n s f e r r e d  t o  a f r e s h ,  s t e r i l e  tube  and mixed w i th  18 
ml p r o p a n - 2 - o l .  The s o l u t i o n  was s to r e d  on i c e  30 minutes  
and t h e  n u c l e i c  a c id s  p e l l e t e d  by c e n t r i f u g a t i o n  a t  3000 rpm 
f o r  30 m inu tes .  The p e l l e t  was resuspended in  1 ml TE.
L iC l  was added t o  a f i n a l  c o n c e n t r a t io n  o f  3M, in cu b a ted  on 
i c e  30 m inu tes ,  then  c e n t r i f u g e d  a t  1 3 ,0 0 0  rpm f o r  10 
m inu tes .  The s u p e r n a ta n t  was t r a n s f e r r e d  t o  a f r e s h ,  
s t e r i l e  Eppendorf tube  and e th a n o l  p r e c i p i t a t e d .  The DNA 
p e l l e t  was resuspended in  400 pi TE and t r e a t e d  w i t h  40 pg 
RNase A a t  37°C f o r  30 m in u tes .  The r e a c t i o n  was stopped by 
t h e  a d d i t i o n  o f  20 pi 10% SDS and h e a t in g  t o  75°C f o r  10 
m inu tes .  The sample was then  L iC l  p r e c i p i t a t e d  aga in  as 
b e fo r e  and th e  s u p e r n a ta n t  e th a n o l  p r e c i p i t a t e d .  The DNA 
was resuspended in  TE, phenol e x t r a c t e d  and e thano l  
p r e c i p i t a t e d .  S to ra g e  was in  w a te r  a t  - 2 0 °C .
2 . 2 . 1 0  R e s t r i c t i o n  D ig e s t io n
For a n a l y s i s  o f  p lasm id  DNA, r e a c t i o n  volumes c o n ta in e d  0 . 5 -  
1 .0  pg DNA, an excess o f  r e s t r i c t i o n  enzyme and th e
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a p p r o p r i a t e  volume b u f f e r  a c co rd in g  t o  th e  m a n u fa c tu r e r 's  
recommendation and s t e r i l e  H2 O t o  a t o t a l  volume o f  10 p i .  
The r e a c t i o n  was c a r r i e d  out  a t  37°C f o r  1 hour and ana ly ze d  
by agarose gel e l e c t r o p h o r e s i s . P lasmids prepared  by m i n i -  
prep were r o u t i n e l y  t r e a t e d  w i th  10 pg RNase A du r in g  
r e s t r i c t i o n  d i g e s t i o n  .
For p r e p a r a t i o n  o f  DNA f o r  c lo n in g  purposes, DNA was 
p u r i f i e d  from CsCl o r  L i C l .  R ea c t io n s  c o n ta in e d  1 -50  pg 
DNA, excess enzyme, and th e  a p p r o p r i a t e  amount o f  b u f f e r .  
R eact io ns  were c a r r e d  out  a t  37°C f o r  2 hours or  o v e r n ig h t .  
Double d i g e s t i o n s  were c o n s e c u t iv e  and each r e a c t i o n  stopped  
by h e a t in g  t o  85°C f o r  30 minutes  and slow c o o led .  When 
b u f f e r  c o n c e n t r a t io n s  d i f f e r e d  f o r  each enzyme, th e  r e a c t io n  
r e q u i r i n g  lower  b u f f e r  c o n c e n t r a t io n  was c a r r i e d  out  f i r s t .  
I f  b u f f e r s  were in c o m p a t ib le ,  th e  samples were passaged  
through a Sepharose CL6B column and e thano l  p r e c i p i t a t e d .
2 . 2 . 1 1  O l i g o n u c l e o t i d e  P u r i f i c a t i o n
O l i g o n u c l e o t i d e s  were s y n th e s iz e d  on an A p p l ie d  Biosystems  
381A DNA s y n t h e s i z e r  us ing  p h os phora m id i te  c h e m is t ry .  The 
column c o n t a in in g  f r e s h l y  s y n th e s iz e d  DNA was p laced  between  
two 2 ml s y r in g e s ,  one o f  which c o n ta in e d  1 ml i c e - c o l d  
c o n c e n t r a te d  ammonia. A l i q u o t s  o f  0 . 2  ml were drawn through  
t h e  column a t  20 m inute  i n t e r v a l s .  A f u r t h e r  0 . 5  ml ammonia 
in  a f r e s h  s y r in g e  was passed through t h e  column fo l lo w e d  by 
6 passages o f  th e  t o t a l  volume between th e  two s y r in g e s .
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The ammonia s o l u t i o n  was p lac e d  in  s c re w - to p  Eppendorfs and 
baked o v e r n ig h t  a t  55°C. A f t e r  h e a t in g  th e  s o l u t i o n  was 
p lac e d  a t  -2 0 °C  f o r  10 m inu tes ,  th e  o l i g o s  were vacuum d r ie d  
in  a l y o p h i l i z e r .  The o l i g o s  were ta k en  up in  300 pi H2 O 
and e thano l  p r e c i p i t a t e d .  O l ig o  sequences a re  l i s t e d  in  
T a b le  2 . 1 .
2 . 2 . 1 2  Q u a n t i t a t i o n  o f  DNA
The c o n c e n t r a t io n  and p u r i t y  o f  o l i g o n u c l e o t i d e s  were  
determ ined  by OD2 6 0 /OD2 8 0  a n a l y s i s .  C o n c e n t r a t io n  was based 
on 1 absorbance u n i t  cor res p o n d in g  t o  a p p r o x im a te ly  37 pg o f  
s i n g l e - s t r a n d e d  DNA and 50 pg d o u b le -s t r a n d e d  DNA. An 
OD2 6 O/OD2 0 O r a t i o  o f  g r e a t e r  than 1 .8  was taken  t o  i n d i c a t e  
a pure  sample.
2 . 2 . 1 3  E n d - l a b e l l i n g  o f  DNA
O l i g o n u c l e o t i d e  le n g th  was de te rm in e d  by end l a b e l l i n g  w i th  
[lf3 2 P]ATP us ing  T4 p o l y n u c l e o t i d e  k in a s e  (PNK).
A p p r o x im a te ly  1 -2  pg DNA was in c u b a te d  w i t h  7 U PNK, 10 pCi 
[J 3 2 P]ATP in  k in a s e  b u f f e r  (50  mM T r i s - C l  (pH 8 . 0 ) ,  10 mM 
MgCl2 ) in  a t o t a l  volume o f  50 pi a t  37°C f o r  30 m inu tes .
The r e a c t i o n  was stopped w i t h  th e  a d d i t i o n  o f  10 pi F -dye  
(90% ( v / v )  formamide, 50 mM EDTA (pH 8 . 5 ) ,  0.1% (w /v )  x y le n e  
cyanol and bromophenol b l u e ) .  One t e n t h  o f  th e  r e a c t i o n  
volume was run on th e  a p p r o p r i a t e  p e rc e n ta g e  p o ly a c r y la m id e
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gel a t  250V f o r  2 - 2 . 5  hours.  V i s u a l i s a t i o n  was by 
a u to r a d i  o g ra p h y .
2 . 2 . 1 4  E x t r a c t i o n  o f  DNA from Agarose Gels
Three  methods were used t o  p u r i f y  DNA from agarose g e ls .  
Prepagene and GeneClean I I  were used a c co rd in g  to  th e  
m a n u f a c t u r e r 1s i n s t r u c t i o n s .  In  th e  f r e e z e - s q u e e z e  method 
th e  DNA was e le c t r o p h o r e s e d  on an low m e l t in g  p o in t  (LMP) 
agarose  gel and th e  band o f  c h o ic e  e x c is e d  and p laced  in  0 .5  
ml Eppendorf  tubes which had been p i e r c e d  and packed w i t h  
s t e r i l e ,  si 1 i c o n is e d  g la s s  wool.  The Eppendorf  tube  was 
f r o z e n  in  l i q u i d  n i t r o g e n  f o r  a p p r o x im a te ly  1 -2  m inu tes ,  
p la c e d  in  a 1 .5  ml Eppendorf  and c e n t r i f u g e d  a t  1 3 ,0 0 0  rpm 
f o r  10 m inu tes .  The s o l u t i o n  in  th e  1 .5  ml Eppendorf  
c o n ta in e d  th e  DNA w h i le  th e  agarose remained in  th e  0 . 5  ml 
Eppendorf .  DNA e x t r a c t e d  by f r e e z e  squeeze was p u r i f i e d  by 
phenol e x t r a c t i o n  o r  passage through a NENsorb column.
2 . 2 . 1 5  P u r i f i c a t i o n  o f  DNA on a NENsorb Column
The NENsorb column was f i r s t  washed w i t h  2 ml 100% methanol 
( A r i s t a r ) ,  then e q u i l i b r a t e d  w i t h  2 ml Reagent A (0 .1  M 
T r i s - C l  (pH 7 . 7 ) ,  10 mM t r i e t h y l  a m in e , 1 mM EDTA). The DNA 
sample was added to  th e  column in  TE or  H2 O as w e l l  as a 
small amount o f  x y le n e  cyanol and bromophenol b lu e .  The 
column was washed w i th  2 ml Reagent A. E l u t i o n  was w i t h  1
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ml 33% e t h a n o l .  The f r a c t i o n  t h a t  c o n ta in e d  th e  DNA (which  
e l u t e s  w i th  th e  x y le n e  c y a n o l ) was c o l l e c t e d  and e thanol  
p r e c i  pi t a t e d .
2 . 2 . 1 6  A l k a l i n e  Phosphatase T rea tm ent  o f  DNA
R e s t r i c t i o n  d ig e s te d  p lasm id  DNA was de phosphory la ted  p r i o r  
t o  l i g a t i o n s .  A p p ro x im a te ly  2 0 -2 0 0  ng o f  v e c t o r  DNA was 
in cu ba ted  w i th  0 .1  U c a l f  i n t e s t i n a l  a l k a l i n e  phosphatase in  
O n e -P h o r -A l l  b u f f e r  a t  37°C f o r  30 m inu tes .  The r e a c t i o n  
was stopped by h e a t in g  to  85°C f o r  15 m inu tes .
2 . 2 . 1 7  L i g a t i o n  o f  DNA
L i g a t io n s  were c a r r i e d  out  w i t h  a v e c t o r  t o  i n s e r t  r a t i o  o f  
1 :5  in  10 o r  20 pi l i g a t i o n  b u f f e r  (50  mM T r i s - C l  (pH 7 . 4 ) ,  
10 mM MgCl2 , 1 mM d i t h i o t h r e i t o l , 1 mM ATP, 100 mg/ml BSA) 
w i t h  2 U Ta l i g a s e  a t  15°C o v e r n i g h t .  A p p ro x im a te ly  5 0 -20 0  
ng o f  v e c to r  DNA was used. For b l u n t  ended l i g a t i o n s  th e  
r e a c t i o n  was c a r r i e d  out  in  th e  presence o f  1 pM 
hexam inecoba lt  c h l o r i d e .
2 . 2 . 1 8  DNA Sequencing
DNA sequencing was done by th e  d ideoxy  c h a i n - t e r m i n a t i o n  
method o f  Sanger e t  a l . ( 1 9 7 7 )  us ing  th e  Sequenase k i t  
a c co rd in g  t o  th e  m a n u f a c t u r e r ' s i n s t r u c t i o n s .  Sequenase i s
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a m o d i f ie d  T7 DNA po lym erase.  P lasmid  DNA was denatured  in  
0 . 2  M NaOH, 0 . 2  mM EDTA a t  37°C f o r  30 minutes then passaged  
th rough a CL6B spun column.
2 . 2 . 1 9  P r o t e i n  E le c t r o p h o r e s is
Sodium dodecyl s u l f a t e - p o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  
(SDS-PAGE) was c a r r i e d  out  us ing  t h e  M i n i - A t t o  a p p a ra tu s .
The r e s o l v i n g  gel was 377mM T r i s - C l  (pH 8 . 9 ) ,  7.5%, 8.0% or  
10% a c r y la m id e ,  ( a c r y l a m i d e : b i s - a c r y l a m i d e  3 7 . 5 : 1 ) ,  0.1% SDS 
and 0.625% ( w / v )  ammonium p e r s u l f a t e ,  0.055% ( v / v )  TEMED.
The s o l u t i o n  was degassed p r i o r  t o  th e  a d d i t i o n  o f  th e  SDS 
and ammonium p e r s u l f a t e .  The s t a c k in g  gel was 125 mM T r i s -  
Cl (pH 6 . 7 5 ) ,  2.5% a c r y la m id e ,  0 .1% SDS, and 0.3% (w / v )  
ammonium p e r s u l f a t e ,  0.055% ( v / v )  TEMED, degassed as per  the  
r e s o l v i n g  g e l .  P r o t e in  samples were taken  up in  lo a d in g  
b u f f e r  (8M u r e a ,  10 mM T r i s - C l  (pH 8 . 0 ) ,  2 mM DTT, 0 . 2  mM 
DTPA, 0.1% SDS, 1% ( v / v )  p - m e r c a p t o e t h a n o l , 0.05% ( w /v )  
bromophenol b l u e )  by b o i l i n g  f o r  4 - 5  m inu tes .  The g e ls  were 
e le c t r o p h o r e s e d  a t  3 mA/cm in  e l e c t r o d e  b u f f e r  ( 0 . 1 2 5  M 
T r i s ,  1 M g l y c i n e ,  0.5% (w / v )  SDS). S t a i n i n g  o f  the  gel was 
by Coomassie b lu e  (0 .25% (w /v )  Coomassie Blue G250R, 45.5%  
( v / v )  m e th a n o l )  a t  room te m p e ra tu r e  f o r  3 0 -45  minutes w i th  
a g i t a t i o n .  D e s ta in in g  (7 .5%  ( v / v )  g l a c i a l  a c e t i c  a c id ,  5.0% 
( v / v )  m e th a n o l )  was c a r r i e d  out  a t  room te m p e ra tu re  o r  37°C 
w i t h  a g i t a t i o n  u n t i l  t h e  p r o t e i n  bands were c l e a r  and 
di s t i  n e t .
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2 . 2 . 2 0  P r o t e i n  T r a n s f e r  t o  N i t r o c e l l u l o s e
SDS-PAGE g e l s ,  n i t r o c e l l u l o s e  f i l t e r  and f i l t e r  papers were 
soaked in  b l o t t i n g  t r a n s f e r  b u f f e r  (30 mM g l y c i n e ,  48 mM 
T r i s ,  0 .0375% (w / v )  SDS, 20% m e th a n o l ) .  The gel and f i l t e r  
were sandwiched between th e  a p p r o p r i a t e  th ic k n e s s  o f  f i l t e r  
papers .  T r a n s f e r  was performed in  a s e m i -d ry  t r a n s f e r  
b l o t t e r  from Pharmacia a t  0 . 8  mA/cm2 f o r  one hour 15 
mi n u t e s .
2 . 2 . 2 1  Growth and In d u c t io n  o f  Transformed B a c t e r i a l  S t r a i n s
The e x p re s s io n  o f  recombinant p r o t e i n  from E. c o l i  was as 
f o l l o w s .  An o v e r n ig h t  c u l t u r e  o f  E. c o l  i t ran s fo rm e d  w i th  
th e  p lasm id  o f  c h o ice  was used t o  i n o c u l a t e  f r e s h  medium in  
a volume r a t i o  o f  1 :1 0 0 ;  th e  a p p r o p r i a t e  a n t i b i o t i c  was 
in c lu d e d  t o  m a in ta in  s e l e c t i o n  f o r  th e  p las m id .  Growth was 
u s u a l l y  a t  32°C; growth a t  37°C i s  noted where a p p r o p r i a t e  
in  th e  r e s u l t s  s e c t i o n s .  C u l t u r e s  were grown to  m id - lo g  
phase ( O D 5 9 0  0 . 5 - 1 . 0 )  and induced w i th  1 mM IPTG. Growth 
was l i m i t e d  t o  3 hours t o  reduce p r o t e o l y t i c  d e g r a d a t io n  o f  
th e  recombinant  p r o t e i n .  At 3 hours ,  th e  c e l l s  were  
p e l l e t e d  by c e n t r i f u g a t i o n  a t  3000 rpm f o r  10 minutes and 
th e  medium removed. '  C e l l s  were then f r o z e n  and s to re d  f o r  
up t o  1 -2  months; o r  f o r  p r e p a r a t i o n  o f  whole c e l l  l y s a t e ,
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resuspended in  150 pi SDS-PAGE reduc ing  b u f f e r / m l  o r i g i n a l  
c u l t u r e  volume.
2 . 2 . 2 2  S o n ic a t io n  and D e te r g e n t  Wash
E. c o l  i were ly s e d  by s o n i c a t i o n  p r i o r  to  s o l u b i l i z a t i o n  or  
p u r i f i c a t i o n  o f  recombinant  p r o t e i n .  Frozen c e l l  p a s te  was 
thawed and resuspended in  6 m l /g  Bas ic  B u f f e r  (50 mM T r i s - C l  
(pH 8 . 0 ) ,  10 mM DTT, 1 mM DTPA). S o n ic a t io n  was done on ic e  
a t  5 0 -15 0  W (depending on volume) x4 f o r  30 seconds a t  1 
m inute  i n t e r v a l s .  S e p a r a t io n  o f  i n s o l u b l e  from s o lu b le  
m a t e r i a l  was accomplished by c e n t r i f u g a t i o n  a t  1 3 ,000  rpm 
f o r  10 m inu tes .  I n s o l u b l e  f r a c t i o n s  were washed in  4 m l /g  
o r i g i n a l  c e l l  p a s te  Wash B u f f e r  (200mM N a C l , 0.5% ( v / v )  
N onidet  P-40 in  Basic  B u f f e r ) .  I n s o l u b l e  m a t e r i a l  was 
p e l l e t e d  by c e n t r i f u g a t i o n  a t  1 3 ,0 0 0  rpm f o r  10 m inu tes .
2 . 2 . 2 3  P r o t e in  D e te r m in a t io n
P r o t e in  c o n c e n t r a t io n s  were o b ta in e d  using th e  B ra d fo rd  
assay.  900 pi B ra d fo rd  reag en t  (0 .01%  (w / v )  Coomassie Blue  
G -250 ,  5.0% e t h a n o l ,  8 .5% (w /v )  H3 PO4 ) was added to  100 pi 
p r o t e i n  samples and t h e  absorbance de te rm ined  a t  595 nm. 
Bovine serum albumin in  c o n c e n t r a t io n s  o f  0 - 1 . 0  mg/ml were  
used t o  produce p r o t e i n  c a l i b r a t i o n  c u rv es .
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2 . 2 . 2 4  Im m unoblo tt ing
F o l lo w in g  p r o t e i n  t r a n s f e r  th e  n i t r o c e l l u l o s e  f i l t e r  was 
b locked  in  B l o t t o  [5% Marvel n o n - f a t  d ry  m i l k ,  0.02% sodium 
a z id e  in  PBST ( 0 .0 1  % ( v / v )  Tween 20 in  Phosphate B u f fe re d  
S a l i n e ) ]  o v e r n ig h t  a t  4°C.  A f t e r  2 washes in  PBST th e  
a p p r o p r i a t e  d i l u t i o n  o f  serum c o n t a in in g  th e  p r im a ry  
a n t ib o d y  was added in  B l o t t o  and g e n t l y  a g i t a t e d  f o r  a 
minimum o f  1 hour .  F o l lo w in g  4 washes in  PBST th e  p r im a ry  
a n t ib o d y  was l a b e l l e d  w i t h  goat  a n t i - r a b b i t  IgG a l k a l i n e  
phosphatase c o n ju g a te  a t  t h e  recommended d i l u t i o n  and 
a g i t a t e d  g e n t l y  f o r  1 hour .  The f i l t e r  was washed t w i c e  
w i t h  PBST and t w i c e  w i t h  TBST (150  mM N a C l , 50 mM T r i s - C l  
(pH 7 . 5 ) ,  0.01% ( v / v )  Tween 2 0 ) .  D e te c t io n  was 
e n z y m a t i c a l l y  w i t h  b r o m o c h lo ro in d o ly l  p h o s p h a t e / n i t r o  b lue  
t e t r a z o l i u m  s u b s t r a t e  (BCIP/NBT) The f i l t e r  was g e n t l y  
a g i t a t e d  in  0.33% BCIP /0 .66%  NBT (BCIP i s  5% ( w /v )  BCIP in  
100% DMF, NBT i s  5% ( w / v )  NBT in  70% DMF) in  Sigma Assay 
B u f f e r  ( IA B )  (10mM g l y c i n e ,  1 mM MgCl2 , 1 mM ZnCl2 , (pH 
1 0 . 4 ) )  u n t i l  th e  bands were s u i t a b l y  d a rk .  The r e a c t i o n  was 
stopped by washing in  2 changes o f  20 mM EDTA (pH 8 . 0 ) .
P r e - a b s o r p t io n  o f  t h e  p r im a r y  a n t ib o d y  t o  remove a n t i -  
E. c o l i  a n t i b o d i e s  was done by in c u b a t in g  th e  p r im a ry  
a n t ib o d y  in  PBST w i t h  a n i t r o c e l l u l o s e  f i l t e r  t r a n s f e r r e d  
w i t h  3x th e  usual amount o f  p r o t e i n  from whole c e l l  l y s a t e  
o f  th e  v e c t o r  o n ly  c o n t r o l .  Unless o th e r w is e  s t a t e d ,  
p r im a ry  a n t i - s e r a  f o r  a l l  immunoblots were p r e - a b s o r b e d .
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Im m unoblo tt ing  was a ls o  done using th e  ECL d e t e c t i o n  
system a c co rd ing  to  th e  m a n u f a c t u r e r ’ s i n s t r u c t i o n s .  The 
second a n t ib o d y  was goat  a n t i - r a b b i t  IgG h o rs e ra d is h  
p e ro x id a s e  c o n ju g a te .
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T a b le  2 .1  Sequence o f  o l i g o n u c l e o t i d e s  used f o r  c lo n in g ,  
sequencing and a c t i v i t y  assays.  Note t h a t  o l i g o  P5191 was 
used f o r  b o th .  A l l  a re  l i s t e d  5 ' - 3 ' .
CLONING
C ys A la -  ACTGAGACCGCCAAAGCTGCTGCACAAGTC 
C ysA la2 -  GACTTGTGCAGCAGCTTTGGCGGTCTCAGT 
CysSer-  ACTGAGACCTCCAAAGCTTCTGCACAAGTC 




P s t 1 -  AGACTTGATGAGGACTGCAGCCGGGCGAAG 
P s t 2 -  CTGACCCCTCTGAGCTGCAGAAGAATTAAG 
SEQUENCING
malE-  GGTCGTCAGACTGTCGATGAAGCC 
P4911-  AACGCCAGCAAGTCTGC 
P5191 -  CAGATCGGCCACTGTCTGAC 
P5250-  CAAAGCTCAGGCCAGGT 
P5654-  AGGACCTTTACACAGTCC 





C hapter  3
T h is  c h a p te r  d e s c r ib e s  th e  s y n th e s is  o f  p e p t id e s  
c o rres po nd ing  t o  two re g io n s  o f  MoMLV IN and th e  p ro d u c t io n  
o f  immune s e ra .
3 .1  I n t r o d u c t i o n
3 . 1 . 1  S o l id  Phase P e p t id e  S y n th e s is  (SPPS)
The development o f  f 1uoreny lm ethoxycarbony l  (Fmoc) po lyamide  
SPPS (A th e r to n  and Sheppard, 1985, 1987) a l lo w s  p e p t id e s  t o  
be s y n th e s iz e d  q u i c k l y  and in  q u a n t i t y  us ing automated  
s y n t h e s iz e r s  u t i l i z i n g  c ont inuou s  m o n i to r in g  systems.  
P e p t id e s  a re  s y n th e s iz e d  from th e  C - te rm in u s  to  th e  N- 
te rm in u s ,  th e  C - te rm in u s  bound to  a r e s i n .  The r e s i n  
c o n s is t s  o f  a g e l a t i n o u s  polymer (a c ry la m i  d e / b i s a c r y l a m i d e )  
w i t h i n  th e  pores o f  an i n e r t  support  ( K ie s e l g u h r )  t h a t  
c o n fe r s  i n s o l u b i l i t y  t o  th e  p e p t i d e  c h a in .  The r e s i n  i s  
coupled  to  a l i n k e r  p r i o r  to  th e  a d d i t i o n  o f  th e  f i r s t  amino 
a c id  so t h a t  th e  r e s u l t i n g  p e p t i d e  w i l l  have an amide group  
a t  t h e  C - te r m in u s .  The amino a c id s  used in  th e  s y n th e s is  
a re  c h e m ic a l ly  m o d i f ie d  in  t h r e e  ways. The amino group i s  
p r o t e c t e d  by t h e  base l a b i l e  Fmoc, th e  carboxy group is  
m o d i f ie d  by an a c t i v a t i n g  group, and r e a c t i v e  s id e  ch a in s  
a re  p r o t e c t e d  by a v a r i e t y  o f  m o lecu les .
S y n th e s is  beg ins  by a c t i v a t i n g  th e  carboxy group to  an 
a c t i v e  e s t e r .  The carboxy carbon o f  t h i s  e s t e r  undergoes
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n u c l e o p h i1 i c  a t t a c k  by th e  amino n i t r o g e n  o f  th e  r e s i n  bound 
p e p t i d e ,  fo rm ing  a p e p t i d e  bond. The Fmoc group is  then  
removed and t h e  next  amino a c id  i s  in t ro d u c e d .  Upon 
c o m p le t io n  o f  t h e  s y n t h e s is ,  t h e  p e p t id e  must be c le a v e d  
from th e  r e s i n  and s id e  c h a in  p r o t e c t i n g  groups removed.
The m o n i to r in g  system used in  th e  p e p t id e  s y n t h e s is  i s  
c o u n t e r io n  d i s t r i b u t i o n  m o n i to r in g  (C D M ) (S a l is b u ry  e t  a l . ,
1 9 9 0 ) .  CDM u t i l i z e s  an a c i d i c  dye and a base in  s o l u t i o n  
w i t h  th e  incoming amino a c id s .  The a c i d i c  dye forms ion  
p a i r s  w i th  any f r e e  base in  s o l u t i o n  or  f r e e  base a s s o c ia te d  
w i t h  th e  p e p t i d e  c h a in .  As th e  s o l u t i o n  c i r c u l a t e s  through  
th e  column, t h e  a c i d i c  dye i n i t i a l l y  b inds t o  th e  b a s ic  
s i t e s  on th e  growing p e p t i d e  c ha in  s in c e  t h e r e  a re  more 
b a s ic  s i t e s  a v a i l a b l e  on th e  support  than  in  s o l u t i o n .  As 
th e  amino a c id s  r e a c t  w i t h  amino groups o f  th e  p e p t i d e ,  dye 
i s  d i s p la c e d  and r e le a s e d  i n t o  s o l u t i o n .  When a c y l a t i o n  i s  
com ple te  a l l  th e  dye i s  in  s o l u t i o n .  The pre-colum n  
d e t e c t o r ,  s e t  t o  th e  w ave length  o f  t h e  dye, measures t h e  
c o n c e n t r a t io n  o f  th e  dye as i t  c i r c u l a t e s  through th e  
system.
3 . 1 . 2  S y n t h e t ic  P e p t id e s  as A nt igen s
S y n t h e t i c  p e p t id e s  can e l i c i t  a n t i - p e p t i d e  a n t i b o d i e s  t h a t  
cross  r e a c t  w i t h  th e  c o r res p o n d in g  complete  p r o t e i n .  T h is  
approach was used t o  produce a n t i b o d i e s  r e a c t i v e  to  th e  
enve lope  p r o t e i n  o f  h e p a t i t i s  B p a r t i c l e s  ( L e r n e r ,  e t  a 7 . ,  
1981)  and to  i d e n t i f y  th e  p r o t e o l y t i c  c le a v a g e  p rod u c ts  o f
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th e  p o l  gene o f  y e a s t  r e t r o t r a n s p o s o n  Ty1 ( G a r f i n k e l  e t  a 7 . ,
1 9 9 1 ) .  These a n t i b o d i e s  can then be used in  th e  i s o l a t i o n  
and p u r i f i c a t i o n  o f  t h a t  p r o t e i n .  A lthough a n t i - p e p t i d e  
a n t i b o d i e s  a re  r e p o r te d  t o  r e a c t  e x t re m e ly  w e l l  in  
im m unoblo tt ing  a f t e r  th e  p r o t e i n  has been s e p a ra te d  on a 
d e n a t u r in g  gel (van R e g e n m o rte l , 1 9 8 8 ) ,  i t  i s  recommended to  
s e l e c t  a sequence lo c a t e d  on th e  s u r f a c e  o f  th e  m olecule  
( W a l t e r ,  1 9 8 6 ) .  In  th e  absence o f  a c r y s t a l  s t r u c t u r e ,  
e v a l u a t i o n  o f  th e  h y d r o p h i l i c  and hydrophobic  te n d e n c ie s  o f  
r e s id u e s  a long a p o ly p e p t id e  c h a in  should  i d e n t i f y  reg ion s  
l i k e l y  to  be found on t h e  s u r fa c e  o f  a p r o t e i n .  Hopp and 
Woods (1 9 81 ,  1983)  found t h a t  th e  most h y d r o p h i l i c  reg ion s  
o f  a p r o t e i n  corresponded t o  a con t inuou s  e p i t o p e .  O ther  
segments o f  a p r o t e i n  l i k e l y  t o  be near th e  s u r fa c e  a re  
h i g h l y  f l e x i b l e  or  m o b i le  r e g io n s ,  shown by Geysen (1 9 8 7 )  to  
have a h ig h e r  than  average  a n t i g e n i c i t y .  A ls o ,  reg io n s  near  
th e  N- and C - te rm in u s  a r e  u s u a l l y  found a t  th e  s u r fa c e  o f  a 
p r o t e i n ,  a re  l i k e l y  t o  be f l e x i b l e  and th u s ,  a n t i g e n i c .  
Im m uniza t ion  w i t h  f r e e  p e p t i d e ,  however, i s  u n l i k e l y  to  
e l i c i t  an a n t ib o d y  response due t o  th e  smal l s i z e  o f  th e  
p e p t i d e .  C o n ju g a t io n  t o  a c a r r i e r  p r o t e i n  r a i s e s  th e  
immunogenic p o t e n t i a l  o f  th e  p e p t id e  ( M u l l e r ,  1 9 8 8 ) .
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3 . 2 .  M a t e r i a l s  and Methods
3 . 2 . 1  M a t e r i a l s
Fmoc amino a c id s  and r e s i n  were from M i l l i G e n .  Ci 8 RP-HPLC 
column was from Vydac. D im ethy l form am ide (DMF) was 
f r a c t i o n a l l y  r e d i s t i l l e d  a t  15 mmHg p re s su re  and a t  5 0 PC. 
H u n t e r ' s  T i t r e M a x ™  R-1 was from CytRx Corp. Goat a n t i -  
r a b b i t  IgG a l k a l i n e  phosphatase c o n ju g a te ,  p a r a - n i t r o  phenyl  
phosphate ,  t h r y g l o b u l i n , and m -M ale im idobonzo ic  a c id  N-  
H yd ro xysucc in im ide  e s t e r  (MBS) were from Sigma. A l l  
re a g e n ts  were A n a la r  grade and were from e i t h e r  Sigma,  
A l d r i c h  or  BDH.
3 . 2 . 2  Methods
3 . 2 . 2 . 1  Computer P r e d i c t i o n s  o f  MoMLV IN S t r u c t u r e
The computer program P r e d i c t 7  v1 .01  (Carmenes e t  a l . ,  1988)  
was used t o  g e n e r a te  s t r u c t u r a l  p r e d i c t i o n s  o f  MoMLV IN .  
Numerica l  v a lu e s  were g e n e ra ted  f o r  h y d r o p h i1 i c i t y  (Hopp and 
Woods, 1 9 8 1 ) ,  hydropathy  (K y te  and D o o l i t t l e ,  1 9 8 2 ) ,  
f l e x i b i l i t y  (K a rp lu s  and S c h u lz ,  1 9 8 5 ) ,  s u r fa c e  p r o b a b i l i t y  
(E m in i ,  1985; J a n in ,  1 9 7 8 ) ,  and a n t i g e n i c i t y  ( W e l l i n g ,  e t  
a l . ,  1 9 8 5 ) .  Secondary s t r u c t u r e  were c la s s e d  as c o i l ,  t u r n ,  
h e l i x  or  sheet  ( G a r n i e r  e t  a l . ,  1 9 7 8 ) .  Va lues  were averaged  
over  6 r e s id u e s ,  i . e .  th e  v a lu e  f o r  re s id u e  3 was averaged  
over  r e s id u e s  1 - 6 .
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3 . 2 . 2 . 2  P e p t id e  S y n th e s is
P e p t id e s  were c o n s t r u c te d  on a M i l l i G e n  9050  
P e p S y n th e s ize r™  u t i l i z i n g  Fmoc po lyamide  s o l i d  phase 
c h e m is t r y .  T a b le  2 .1  l i s t s  th e  amino a c id s  used f o r  th e  
s y nthe s i  s .
A. Continuous UV M o n i t o r in g
P r e -  and post-co lum n d e t e c t o r  channe ls  a l lo w  cont inuous  
m o n i to r in g  o f  th e  p e p t i d e  assembly. A d d i t i o n  o f  th e  Fmoc- 
amino a c id  i s  i n d i c a t e d  by a s t ro n g  a b s o r p t io n  fo l lo w e d  by a 
s e r i e s  o f  o s c i l l a t i n g  peaks as th e  reag en t  c i r c u l a t e s  
th rough th e  loop u n t i l  u n i fo rm  c o n c e n t r a t io n  i s  a c h ie v e d .  A 
r a p id  f a l l  in  a b s o r p t io n  i n d i c a t e s  th e  removal o f  excess  
re a g e n t  by washing.  The d e p r o t e c t i o n  s tep  i s  m oni tored  w i th  
th e  post-co lum n d e t e c t o r  which shows a d e p r o t e c t io n  peak as 
t h e  Fmoc group i s  r e le a s e d .
B. P r e p a r a t io n  o f  th e  Resin
A p p ro x im a te ly  2 g o f  Pepsyn K (methyl  e s t e r  r e s i n )  was 
in c u b a te d  over  n i g h t  in  e t h y le n e  d iam ine  a t  room te m p e ra tu re  
t o  form
H2 N-CH2 -CH2 -N H -C O - [ K] 
where [K] i s  th e  r e s i n .
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T a b le  3.1  Fmoc Amino Acids  Used in  th e  P e p t id e  S y n th e s is
F m o c -L -A r g (M t r ) -OPfp  
Fmoc-L-Asn-OPfp  
Fmoc-L-Asp(OtBu)-OPfp  
F m o c -L - C y s (T r t ) -OPfp  
Fm oc-L-GIn-OPfp  
Fm oc-L-G Iu (O tB u)-O Pfp  
Fmoc-L-Hi s (B o c ) - 0 P f p  
F m o c - L - I1e-OPfp  
Fmoc-L-Leu-OPfp  
Fm oc-L-Lys(B oc) -O Pfp  
Fmoc-L-Pro-OPfp  
F m o c -L -T h r - ( tB u ) -O D h b t  
Fmoc-L-T r p - ( Boc) -OPfp  
Fmoc-L-T rp -O Pfp  
F m o c -L -T y r ( tB u ) -OPfp  
Fm oc-L -Va l-O Pfp
Abbrev i  a t i  ons
Boc -  t -B u to x y c a rb o n y l
Fmoc -  F Iu o re n y lm e th o x y ca rb o n y l
M t r  -  4 - M e t h o x y - 2 , 3 , 6 - t r i m e t h y l  benzene sulphonyl
ODhbt -  3 f 4 - D i h y d r o - 4 - o x o - b e n z o t r i a z i n e -3 -o x y
OPfp -  P e n t a f 1uorophenoxy
OtBu -  t -B u to x y
tBu -  t - B u t y l
T r t  -  T r ip h e n y l  methyl
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C. P e p t id e  C o n s t r u c t io n
The f o l l o w i n g  s te p s  were c y c le d  by th e  s y n t h e s iz e r  u n t i l  the  
p e p t i d e  was com ple te .
1. D e p r o te c t io n :  The column was f lu s h e d  w i th  8 column
volumes o f  20% p i p e r i d i n e  in  DMF (d im e th y l fo rm a m id e )  to  
remove th e  amino p r o t e c t i n g  Fmoc group, u n t i l  th e  absorbence  
a t  365 nm r e tu r n e d  to  b a s e l i n e .
2 . DMF Wash: The p i p e r i d i n e  was removed by washing w i th  12 
column volumes o f  DMF.
3. A c y l a t i o n :  A 4 - f o l d  excess o f  amino a c id  d is s o lv e d  in  
0 . 3 3  M HOBt/DMF was c y c le d  through t h e  column u n t i l  c o u p l in g  
was com ple te .
4. DMF Wash: Excess amino a c id s  were washed away w i th  8 
column volumes o f  DMF.
The f i r s t  m oie ty  t o  be added t o  th e  r e s i n  i s  th e  AM l i n k e r
0CH2 CO2 HHOCH2
which must be a c t i v a t e d  us ing  d i i s o p r o p y l c a r b o d i i m i d e  
(D IPC D I)  to  th e  h y d r o x y b e n z o t r i a z o le  (HOBt) e s t e r .  DIPCDI
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i s  added t o  th e  AM l i n k e r  j u s t  p r i o r  t o  th e  a c y l a t i o n  s te p .  
The r e s u l t  i s  an Fmoc capped AM l i n k e d  r e s i n .
D. Column Wash
Upon c om ple t io n  o f  th e  s y n th e s is  th e  r e s i n  was washed w h i le  
s t i l l  in  th e  column to  remove a l l  t r a c e s  o f  DMF.
A p p ro x im a te ly  25 ml o f  each re ag en t  was passed through th e
column in  th e  f o l l o w i n g  sequence: t -a m y l  a lc o h o l  removes 
DMF, g l a c i a l  a c e t i c  a c id  removes r e s i d u a l  r e a g e n ts ,  t -a m y l  
a lc o h o l  removes g l a c i a l  a c e t i c  a c i d ,  d ich io rom e tha ne  removes 
a lc o h o l  w i t h o u t  s h r i n k i n g  th e  r e s i n ,  d i e t h y l  e t h e r  s h r in k s  
th e  r e s i n .  N i t r o g e n  was passed through th e  column t o  dry  
th e  r e s i n .  The r e s i n  was s to r e d  a t  4°C u n t i l  needed.
3 . 2 . 2 . 3  T r i a l  C leavage and D e p r o te c t io n  o f  P e p t id e  KK28
To d e te rm in e  optimum c le a v a g e  and d e p r o t e c t io n  c o n d i t i o n s ,
50 mg o f  r e s i n  was in c u b a te d  in  2 ml o f  a s tandard  
c l e a v a g e / d e p r o t e c t i o n  m ix tu r e  (90% ( v / v )  t r i f 1u o r a c e t i c  a c id  
(TFA) f o r  c le a v a g e ,  2 . 5  % ( v / v )  H2 O and 7.5% ( v / v )  
e t h a n e d i t h i o l  as s c a v e n g e r s ) .  A l i q u o t s  (300 p i )  were taken  
a t  1, 3, 5, and 18 hours .  The samples were washed w i t h  3 ml 
p e tro le u m  e t h e r .  The p e p t i d e  was p r e c i p i t a t e d  w i th  3 ml 
d i e t h y l  e t h e r ,  c e n t r i f u g e d  a t  3 ,0 0 0  rpm f o r  5 min. and th e
p e l l e t s  resuspended in  1 ml 5% B in  A (B i s  90%
a c e t o n i t r i 1e, 9.9% H2 O, 0.1% TFA, A i s  0.1% TFA in  H2 O).
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The p e p t id e s  were a n a ly ze d  by a n a l y t i c a l  RP-HPLC on a Ci 8 
colum n.
3 . 2 . 2 . 4  Large S c a le  P r e p a r a t io n  o f  KK28
A p p ro x im a te ly  1 g o f  r e s i n  was in cu ba ted  in  30 ml o f  th e  
c l e a v a g e / d e p r o t e c t i o n  m ix tu r e  l i s t e d  above f o r  1 hour a t  
room te m p e ra tu re  w i t h  o c c a s io n a l  s w i r l i n g .  The r e s i n  was 
f i l t e r e d  o f f  and th e  s o l u t i o n  washed t w i c e  w i t h  an excess o f  
p e tro le u m  e t h e r .  The p e p t i d e  was p r e c i p i t a t e d  w i th  30 ml 
d i e t h y l  e t h e r ,  p e l l e t e d  by c e n t r i f u g a t i o n  and resuspended in  
30 ml 5% B in  A. Samples were s u b je c te d  to  p r e p a r a t i v e  RP- 
HPLC on a Ci a column, th e  peak o f  i n t e r e s t  c o l l e c t e d ,  r o t a r y  
e v ap ora te d  and f r e e z e - d r i e d . M o le c u la r  w e ig h t  was 
determ ined  by mass spec troscopy  using f a s t  atom bombardment.
3 . 2 . 2 . 5  T r i a l  C leavage and D e p r o t e c t io n  o f  P e p t id e  KK334
To d e te rm in e  optimum c o n d i t io n s  f o r  th e  c le a v ag e  and 
d e p r o t e c t io n  o f  KK334, 50 mg o f  r e s i n  was in cubated  in  3 ml 
o f  c o c k t a i l  A or  c o c k t a i l  K. C o c k ta i l  A is  95% ( v / v )  TFA 
f o r  c le a v a g e ,  2.5% ( w / v )  phenol and 2.5% ( v / v )  e t h a n e d i t h i o l  
as scavengers .  C o c k t a i l  K i s  90% ( v / v )  TFA, 2.5% (w /v )  
ph en o l ,  2.5% ( v / v )  e t h a n e d i t h i o l , 2.5% ( v / v )  H2 O, 2.5% ( v / v )  
t h i o a n i s o l  as scavengers .  A l i q u o t s  were taken  a t  t imed  
i n t e r v a l s  and a n a ly ze d  as d e s c r ib e d  f o r  th e  t r i a l  o f  KK28.
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3 . 2 . 2 . 6  Large S c a le  P r e p a r a t io n  o f  KK334
A p p r o x im a te ly  1 g o f  t h e  r e s i n  was in cu bated  in  C o c k t a i l  K 
f o r  17 hours a t  room t e m p e r a tu r e .  F o l lo w in g  th e  wash and 
p r e c i p i t a t i o n ,  th e  p e l l e t  was resuspended in  50 ml 5% B in  
A. P r e p a r a t io n  and a n a l y s i s  was as f o r  KK28.
3 . 2 . 2 . 7  P e p t id e  C oupl ing  to  T h y r o g lo b u l in
P e p t id e s  were coupled t o  t h y r o g l o b u l i n  using m- 
M a le im id o b e n z o ic  a c id  N -H ydroxysucc in im ide  e s t e r  (MBS). In  
a t o t a l  volume o f  300 p i ,  800 pg MBS (16  mg/ml in  DMF) was 
re a c te d  w i t h  5 ng t h y r o g l o b u l i n  (20 mg/ml in  10 mM Na2 P04 
(pH 7 . 2 ) )  f o r  30 m inutes  w i t h  g e n t l e  a g i t a t i o n .  The 
s o l u t i o n  was passed through a Sephadex G-25 column 
e q u i l i b r a t e d  w i t h  50 mM Na2 P O 4  (pH 6 . 0 )  and e l u t e d  w i t h  th e  
same b u f f e r .  F r a c t io n s  were c o l l e c t e d  f o r  30 seconds each 
and a n a ly z e d  by A2 8 0 . The f i r s t  peak was pooled and r e a c te d  
w i t h  5 mg p e p t i d e  ( i n  10 mM Na2 P O 4  (pH 6 . 0 )  through which  
n i t r o g e n  had been bubb led )  f o r  a minimum o f  3 hours a t  room 
te m p e ra tu r e  w i t h  g e n t l e  a g i t a t i o n .  Samples were s to r e d  a t  -  
20°C u n t i l  needed.
3 . 2 . 2 . 8  Im m uniza t ion  Pro to c o l
Samples o f  coup led  p e p t i d e  were thawed and brought t o  room 
te m p e r a tu r e .  H u n t e r ' s  T i t r e M a x  a d ju v a n t  was a ls o  brought  to  
room te m p e r a tu r e  and th o r o u g h ly  v o r te x e d .  A p p ro x im a te ly  0 . 3
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mg (100 p i )  was added t o  200 Ml H u n t e r ' s  T i t r e M a x  and 
e m u l s i f i e d  by passage between 2 1 ml a l l  p l a s t i c  s y r i n g e s .
A f u r t h e r  100 pi p e p t id e  was added t o  th e  emuls ion and 
passaged between th e  s y r in g e s  u n t i l  a change in  v i s c o s i t y  
was d e te c te d  ( i . e .  t h i c k e n i n g ) .  The emuls ion was used 
p ro m p t ly .  D u r in g  th e  e m u l s i f i c a t i o n  a 50% lo s s  o f  volume 
was observed .  Two sandy h a l f - l o p  r a b b i t s  were immunised 
w i t h  each p e p t i d e ,  50 pi in  each h ind  f l a n k .  Pre-immune  
se ra  were c o l l e c t e d  b e f o r e  im m u n iz a t io n .  T e s t  b lee ds  were  
c o l l e c t e d  a t  i n t e r v a l s  d e s c r ib e d  in  t h e  R e s u l t s .  T e s t  
blee ds  ( - 5  m l)  were a l lo w e d  t o  c l o t  o v e r n i g h t  a t  4°C,  th e  
serum taken  o f f  and spun t w i c e  a t  1 3 ,0 0 0  rpm to  remove any  
red blood c e l l s .  Large volumes o f  b lood (>50  ml)  were  
a l lo w e d  to  c l o t  a t  4°C f o r  6 - 8  hours ,  c e n t r i f u g e d  a t  2 ,4 0 0  
rpm f o r  10 m in u te s ,  t h e  serum t r a n s f e r r e d  t o  f r e s h  tubes  and 
c e n t r i f u g e d  a t  2 ,4 0 0  rpm f o r  10 m in u te s .  The s low er  
c e n t r i f u g a t i o n  speed decreased t h e  in c id e n c e  o f  ha e m o ly s is .  
Sera  were s to r e d  a t  - 2 0 ° C .
3 . 2 . 2 . 9  D i r e c t  Enzyme L inked Immunoabsorbant Assay (ELISA)
M i c r o t i t r e  p l a t e s  were coa ted  w i t h  100 pg a n t ig e n  in  50 mM 
NaC03 (pH 9 . 5 )  f o r  2 hours a t  4 °C .  The a n t ig e n  s o l u t i o n  was 
removed and t h e  p l a t e s  b locked w i t h  B l o t t o  o v e r n ig h t  a t  4 °C .  
F o l lo w in g  4 washes w i t h  PBST, th e  p r im a r y  a n t ib o d y  ( r a b b i t  
serum) was added in  a 1 :1 0 0  d i l u t i o n  in  PBST. S e r i a l  
d i l u t i o n s  were c a r r i e d  out  t o  1 :3 20 0  and t h e  p l a t e s  
in cu b a ted  f o r  2 hours a t  37°C.  The p l a t e s  were washed x4 in
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PBST and th e  a p p r o p r i a t e  d i l u t i o n  goat a n t i - r a b b i t  IgG 
a l k a l i n e  phosphatase c o n ju g a te  added in  PBST. In c u b a t io n  was 
a t  37°C f o r  1 hour. The p l a t e s  were washed t w ic e  in  PBST 
and t w i c e  in  Sigma Assay B u f f e r  ( I A B ) .  D e te c t io n  was 
e n z y m a t i c a l l y  us ing a 1 mg/ml s o l u t i o n  o f  p a r a - n i t r o  phenyl  
phosphate in  IAB. The r e a c t i o n  proceeded u n t i l  s u f f i c i e n t  
c o lo u r  was seen, then  stopped w i th  EDTA (pH 8 . 0 )  to  a f i n a l  
c o n c e n t r a t io n  o f  50 mM. Absorbance was read a t  405 nm.
3 . 3  R e s u l ts
3 . 3 . 1  S t r u c t u r a l  P r e d i c t i o n s  o f  MoMLV IN
Two p u t a t i v e  a n t i g e n i c  re g io n s  o f  MoMLV IN were i d e n t i f i e d  
by computer p r e d i c t i o n s  o f  secondary s t r u c t u r e .  Region 1 
near  t h e  N - te rm in u s  encompassed r e s id u e s  2 8 - 4 2 .  A n a ly s is  
showed high v a lu e s  f o r  h y d r o p h i1 i c i t y , f l e x i b i l i t y ,  
a n t i g e n i c i t y ,  and a h igh p r o b a b i l i t y  o f  s u r fa c e  l o c a t i o n ,  
e s p e c i a l l y  f o r  r e s id u e s  3 0 -3 5  ( F i g u r e  3 . 1 ) .  Region 2 ,  
r e s id u e s  3 3 4 -3 4 8 ,  showed a high s u r f a c e  p r o b a b i l i t y  over  the  
e n t i r e  re g io n  as w e l l  as th e  h ig h e s t  h y d r o p h i1 i c i t y  v a lu e s  
ov e r  th e  e n t i r e  p r o t e i n  ( F i g u r e  3 . 2 )  Regions 1 and 2 were  
chosen f o r  p e p t i d e  s y n th e s is  f o r  p ro d u c t io n  o f  a n t i - s e r a .
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3 . 3 . 2  P e p t id e  S y n th e s is
3 . 3 . 2 . 1  S y n th e s is  o f  P e p t id e  KK28
KK28 corresponded to  Region 1 d e s c r ib e d  above w i th  the  
sequence
H2 N-CIYDKTKKYWVYQGKP-COOH
The N - t e r m in a l  non-coding  c y s t e i n e  was p lac e d  f o r  the  
purpose o f  c o u p l in g  to  th e  c a r r i e r  p r o t e i n .  Coupl ing  
e f f i c i e n c i e s  f o r  th e  f i r s t  14 amino a c id s  ( r e s id u e s  1 6 -3 )  
were a l l  above 99%. I l e - 2  gave a c o u p l in g  o f  98.2%, th e  
f i n a l  C y s - 1 , 96%. Double c o u p l in g  r e a c t io n s  were not  
p er form ed .  C oupl ing  e f f i c i e n c i e s  matched d e t e c t o r  r e a d in g s ,  
d e p r o t e c t io n  peaks were sharp ,  l a r g e  and u n i fo rm  th ro u g h o u t .
3 . 3 . 2 . 2  S y n th e s is  o f  P e p t id e  KK334
KK334 corresponded t o  Region 2 d e s c r ib e d  above w i th  the  
sequence
H2 N-CWVRRHQTKNLEPRWK-COOH
The N - t e r m in a l  non-cod ing  c y s t e i n e  was aga in  p laced  f o r  th e  
purpose o f  c o u p l in g  t o  t h e  c a r r i e r  p r o t e i n .  Fm oc-Trp (B oc) -  
OPfp was u t i l i z e d  to  m in im ize  th e  m o d i f i c a t i o n  o f  Trp  
re s id u e s  by th e  M tr  p r o t e c t i n g  group o f  Arg d u r in g
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d e p r o t e c t i o n  ( S i e b e r ,  1987; R i n i k e r  and Hartman, 1990;
W h i te ,  1 9 9 2 ) .  C o u p l in g  e f f i c i e n c i e s  f o r  th e  f i r s t  12 amino 
a c id s  were a l l  above 98 .9%. A rg -1 3  f e l l  t o  96.4% and A rg -1 4  
t o  92 .7%. A do u b le  c o u p l in g  was performed f o r  Arg 14 
r e p e a t i n g  t h e  a c y l a t i o n  s te p .  C oup l ing  e f f i c i e n c y  then  rose  
t o  98%. V a l - 1 5  and T r p - 1 6  were scored by t h e  computer as 
hav ing  1 0 1 .6  % e f f i c i e n c i e s ,  but  t h i s  was c o n t r a d i c t e d  in  
t h e  lower  absorbence r e a d in g  by th e  column d e t e c t o r .  T r p - 1 6  
underwent doub le  c o u p l in g  w i t h  a r e p o r te d  97.8% e f f i c i e n c y ,  
Cys-17 99 .5%. The much low er  v a lu e s  r e p o r t e d  by th e  column 
d e t e c t o r  d id  not  a g re e  w i t h  c o u p l in g  e f f i c i e n c y  and t h i s  
p o in te d  t o  a c a l i b r a t i o n  d e f e c t  in  e i t h e r  th e  s y n t h e s i z e r  o r  
t h e  s o f t w a r e ,  o r  t o  i n h e r e n t  d i f f i c u l t i e s  in  th e  CDM system.  
D e p r o t e c t io n  peaks were l a r g e ,  sharp and un i fo rm  th r o u g h o u t .
3 . 3 . 3  P e p t id e  P u r i f i c a t i o n
3 . 3 . 3 . 1  P u r i f i c a t i o n  o f  KK28
Small s c a l e  c le a v a g e  and d e p r o t e c t i o n  t r i a l s  were a n a ly z e d  
by RP-HPLC on a 5-60% a c e t o n i t r i 1 e / w a t e r  g r a d i e n t .  A s i n g l e  
l a r g e  peak was i d e n t i f i e d  e l u t i n g  a t  30% in  each sample ( 1 ,  
3, 5 ,  and 18 h o u r s ) .  E x te n d in g  th e  r e a c t i o n  t im e  p a s t  one 
hour d id  not  s i g n i f i c a n t l y  improve t h e  y i e l d  o f  t h e  p u t a t i v e  
f u l l  l e n g th  p r o d u c t .  Large s c a l e  p u r i f i c a t i o n  was per form ed  
by p r e p a r a t i v e  RP-HPLC on a 5-60% a c e t o n i t r i l e  g r a d i e n t  
stepped over  20-30%. F r a c t i o n s  were c o l l e c t e d  and a n a ly z e d .
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Pure f r a c t i o n s  were pooled and prepared  as d e s c r ib e d  in  
3 . 2 . 2 . 4 .
3 . 3 . 3 . 2  P u r i f i c a t i o n  o f  KK334
A l i q u o t s  o f  th e  t r i a l  c le a v a g e  and d e p r o t e c t io n  were taken  
a t  5 . 5 ,  22, 29 and 48 hours o f  c o c k t a i l s  A and K. RP-HPLC 
a n a l y s i s  over  a 5-60% a c e t o n i t r i l e  g r a d i e n t  showed a major  
peak e l u t i n g  a t  29% a c e t o n i t r i l e  in  both c o c k t a i l s  A and K 
in  t h e  5 . 5  hour sample. By 22 hours,  s e v e ra l  o th e r  peaks 
were no ted ,  a major  one a t  36%, in  both c o c k t a i l s .
E x tend ing  th e  t im e  t o  29 and 48 hours r e s u l t e d  in  an 
in c r e a s e  in  th e  number and s i z e  o f  peaks e l u t i n g  in  th e  3 0 -  
45% a c e t o n i t r i l e  range.  C o c k ta i l  K c o n s i s t e n t l y  showed a 
l a r g e r  peak a t  29% and few er  s m a l le r  peaks. T r i a l s  were  
re p e a te d  us ing  c o c k t a i l  K and t a k i n g  a l i q u o t s  a t  17 and 22 
hours.  RP-HPLC a n a l y s i s  showed 2 major  peaks a t  29% and 
36%. S ince  th e  peak h e ig h t  r a t i o  (29%:36%) was g r e a t e r  a t  
17 hours ,  i t  was dec ided  to  p u r i f y  100 mg r e s i n ,  c le a v e  and 
d e p r o t e c t  f o r  17 hours ,  p u r i f y  th e  29% peak and a n a ly z e  th e  
p e p t i d e  by mass s p e c tro sc o p y .  Large s c a le  p u r i f i c a t i o n  as 
d e s c r ib e d  in  3 . 2 . 2 . 6  was undertaken f o l l o w i n g  c o n f i r m a t io n  
o f  a p e p t id e  th e  c o r r e c t  s i z e .
3 . 3 . 4  Mass Spectroscopy
P u r i f i e d  p e p t id e s  were a n a ly ze d  by mass spectroscopy by f a s t  
atom bombardment (SERC Mass Spectroscopy S e r v ic e  C e n t re ,
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U n i v e r s i t y  C o l l e g e ,  Swansea). The m o le c u la r  w e ig h t  o f  KK28 
r e p o r te d  was 2090 .  T h is  d id  not correspond t o  th e  expected  
m o le c u la r  w e ig h t  o f  2019 .  A check o f  th e  sequence d e s i r e d  
and t h e  sequence s y n th e s iz e d  r e v e a le d  a Gin in  p o s i t i o n  14 
t h a t  should  have been a G ly .  With  Gin in  p o s i t i o n  14, th e  
m o le c u la r  w e ig h t  o f  2090 agrees  p e r f e c t l y .  The expected  
m o le c u la r  w e ig h t  o f  KK334 was 2136 ,  th e  e x p e r im e n ta l  r e s u l t  
was 2137.
3 . 3 . 5  P ro d u c t io n  o f  A n t i - P e p t i d e  A n t i - S e r a
3 . 3 . 5 . 1  Immune Response o f  R a b b i ts  88 and 89 to  KK28
R a b b i ts  88 and 89 were immunised w i t h  p e p t id e  KK28 as 
d e s c r ib e d  in  Methods. The f i r s t  b lee d  21 days p o s t ­
im m uniza t ion  was a n a ly ze d  by ELISA. R abb it  88 showed a 
s t ro n g  response t o  t h y r o g l o b u l i n  and a weaker response t o  
KK28. R a b b i t  89 showed a poor response t o  t h y r o g l o b u l i n  as 
compared t o  pre-immune serum and no response to  KK28 (d a ta  
not shown). Both r a b b i t s  were boosted w i th  th e  same q u a n t i t y  
o f  a n t ig e n  and t e s t  b lee d s  o b ta in e d  12 and 28 days p o s t ­
bo o s t .  R ab b i t  89 showed no response a t  a l l  t o  KK28 and was 
r e le a s e d  from th e  e x p e r im e n t .  R ab b i t  8 8 ’ s t i t r e  t o  KK28 
peaked w i t h  th e  second b le e d  as shown in  F ig u r e  3 . 5 .  A 
second boost was per formed w i t h  th e  same q u a n t i t y  o f  a n t ig e n  
as i n i  t a l l y  and b le d  9 days p o s t - b o o s t .  ELISA showed a 
c o n t i n u i n g  f a l l  in  t i t r e .  A f i f t h  b le e d  was o b ta in e d  26 
days p o st -second  boost w i t h  a v e ry  s l i g h t  r i s e  in  t i t r e  to
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KK28. A t h i r d  boost was performed us ing  0 .1  g o f  coupled  
p e p t i d e  in  1 ml PBS, 0 . 5  ml i n j e c t e d  i n t o  each hind f l a n k .
A s i x t h  t e s t  b le e d  was o b ta in e d  9 days p o s t -b o o s t  and t e s t e d  
by ELISA. A ga in ,  a v e r y  s l i g h t  r i s e  was noted in  t i t r e  
l e v e l s  ( d a t a  not  shown). Being unab le  t o  r a i s e  th e  t i t r e  
l e v e l  t o  i t ' s  p r e v io u s  h igh l e v e l ,  th e  r a b b i t  was 
ex sa n g u in a te d  w h i l e  under a n a e s th e s ia  and th e  serum s t o r e d .
3 . 3 . 5 . 2  Immune Response o f  R a b b i ts  73 and 80 t o  KK334
Having le a r n e d  from R a b b i t  88 t h a t  t i t r e  l e v e l s  could  not be 
m a in t a in e d ,  t h e  p r o to c o l  was changed f o r  R a b b i ts  73 and 80.  
F o l lo w in g  i n i t i a l  i n o c u l a t i o n  w i t h  KK334, a f i r s t  t e s t  a t  21 
days d e t e c te d  v e ry  weak responses in  both a n im a ls .  A boost  
was performed and t e s t  b lee ds  o b ta in e d  9 days p o s t -b o o s t .  
ELISA showed t i t r e  l e v e l s  in  R a b b i t  80 comparable  t o  t h a t  o f  
R a b b i t  8 8 1s h ig h e s t  t i t r e  ( F i g u r e  3 . 6 ) .  R ab b i t  73 showed no 
immune response t o  KK334, d e s p i t e  high t i t r e  to  
t h y r o g l o b u l i n . R ab b i t  73 was r e le a s e d  from th e  e xper im en t  
and R a b b i t  80 e x sa n g u in a te d  w h i l e  under a n a e s th e s ia .
P e p t id e  s p e c i f i c i t y  was checked by p rob ing  p e p t id e  KK28 w i th  
a n t i -K K 3 3 4  and v i c e  versa .  The r e s u l t s  showed no c r o s s ­
r e a c t i v i t y  and dem onstra ted  t h a t  th e  a n t i - s e r a  re co g n ize d  a 
s p e c i f i c  p e p t i d e .
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3 . 3 . 6  Im m uno b lo t t ing  w i t h  A n t i - p e p t i d e  A n t i - s e r a
TG1 t ra n s fo rm e d  w i th  pTZ19R or  p IF  were p re pa red  as 
d e s c r ib e d  in  Chapter  4 .  A l i q u o t s  o f  t h e  i n s o l u b l e  f r a c t i o n s  
a f t e r  th e  wash s te p  were s e p a ra te d  on an SDS-PAGE gel and 
t r a n s f e r r e d  to  n i t r o c e l l u l o s e .  Western  b l o t t i n g  was as 
d e s c r ib e d  in  Methods. Both a n t i -K K 2 8  and a n t i -K K 3 3 4  s e ra  
d e t e c t  a m ajor  band o f  a p p r o x im a t e ly  43 kDa t h a t  i s  not  seen 
in  t h e  v e c t o r  o n ly  c o n t r o l s  ( F i g u r e  3 . 7 )  and c o -m ig r a t e s  
w i t h  th e  IN band i d e n t i f i e d  on Coomassie s ta in e d  SDS-PAGE 
gel s .
Pre-immune serum, t e s t  b le e d  s e ra  and t h e  f i n a l  serum 
from R a b b i ts  88 ( a n t i - K K 2 8 )  and R a b b i t  80 ( a n t i - K K 3 3 4 )  were  
used t o  probe whole  c e l l  l y s a t e  from TG1 t ra n s fo rm e d  w i t h  
e i t h e r  PTZ19R or  p IF  ( F i g u r e  3 . 8 ) .  A n t i -K K 2 8  aga in  
r e c o g n iz e s  th e  43 kDa p r o t e i n  not seen in  pTZ19R l y s a t e  in  
b lee d s  2 th rough  t h e  f i n a l  b le e d .  T h is  band i s  not  
re c o g n ize d  in  th e  pre- immune or  f i r s t  b le e d  s e ra .  A unique  
band cannot be i d e n t i f i e d  in  t h e  p I F  l y s a t e s  probed w i t h  
a n t i -K K 3 3 4 .  The d is c r e p a n c y  between F ig u r e  3 .7B  and 3 .8 B  i s  
d iscussed  in  s e c t io n  3 . 4 . 4 .
F i g u r e  3 . 1  G r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  o u t p u t  o f  
P r e d i c t 7  f o r  r e s i d u e s  1 8 - 5 2  o f  I N .  V a l u e s  f o r  a n t i g e n i c i t y  
wer e  m u l t i p l i e d  by a f a c t o r  o f  10 .  V a l u e s  f o r  f l e x i b i l i t y  
wer e  m o d i f i e d  by s u b t r a c t i n g  1 and m u l t i p l y i n g  by 10.  The^  
m a n i p u l a t i o n s  wer e  f o r  t h e  s ak e  o f  c l a r i t y .  The r e g i o n  t o  
p a r t i c u l a r l y  n o t e  i s  b e tw e e n  r e s i d u e s  3 0 - 3 5  w i t h  h i g h  v a l u e  
f o r  a l l  p a r a m e t e r s .  R e s i d u e s  2 8 - 4 2  w e r e  chosen  f o r  
s y n t h e s i  s .
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Mvrlrnnhiliritw   W\/Hnnni5+H\/
:
F ig u r e  3 . 2  G ra p h ic a l  r e p r e s e n t a t i o n  o f  th e  o u tp u t  o f  
P r e d ic t 7  f o r  r e s id u e s  324 -3 5 8  o f  IN .  Va lues  f o r  
a n t i g e n i c i t y  and f l e x i b i l i t y  were a l t e r e d  as d e s c r ib e d  f o r  
f i g u r e  3 .1  f o r  th e  sake o f  c l a r i t y .  Residues 3 3 7 -3 4 2  a re  
noted f o r  th e  h i g h e s t  hydropathy  v a lu e s  over  th e  e n t i r e  
p r o t e i n .  Residues 3 3 4 -3 4 8  were chosen f o r  s y n t h e s is .




 Hydrophilicity  Hydropathy  Flexibility
- —  Surfact Probability Antigenicity
F ig u r e  3 . 3  Bar graph d e p i c t i n g  c o u p l in g  e f f i c i e n c i e s  d u r in  
th e  s y n th e s is  o f  KK28. The r e s id u e s  a r e  in  t h e  o r d e r  o f  
s y n t h e s is ,  C - te rm in u s  t o  N - te r m in u s .  E f f i c i e n c i e s  above 
100% r e f l e c t  amino a c id  d e r i v a t i v e s  w i t h  a s i m i l a r  c o lo u r  




F ig u r e  3 . 4  Bar graph d e p i c t i n g  c o u p l in g  e f f i c i e n c i e s  durinc  
th e  s y n t h e s is  o f  KK334. S t a r r e d  re s id u e s  r e f l e c t  double  
c o u p l in g s .  E f f i c i e n c i e s  above 100% f o r  th e  T and Q residue  
r e f l e c t  d e r i v a t a v e s  w i t h  a s i m i l a r  c o lo u r  t o  th e  dye.  
C oupl ing  e f f i c i e n c i e s  o f  th e  f i n a l  5 r e s id u e s  a r e  discussec  
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F ig u r e  3 . 5  ELISA o f  R ab b i t  88 a g a in s t  p e p t id e  KK28. 
M i c r o t i t r e  p l a t e s  were p repared  w i t h  100 pg p e p t i d e .  Goat  
a n t i - r a b b i t  IgG a l k a l i n e  phosphatase c o n ju g a te  was a 1 :2500  
d i l u t i o n .  D e te c t io n  was e n z y m a t i c a l l y  w i th  p a r a - n i t r o  
phenyl phosphate .  The ELISA shows a peak t i t r e  w i t h  t h e  2nd 
b le e d ,  12 days p o s t - 1 s t  boost .
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Rabbit 88 Response 
to KK28
3rd bleed-B -  Pre-immune 1st bleed 2nd bleed
F ig u r e  3 . 6  ELISA o f  R ab b i t  80 a g a in s t  p e p t i d e  KK334. 
M i c r o t i t r e  p l a t e s  were p repared  w i t h  100 pg p e p t i d e .  Goat  
a n t i - r a b b i t  IgG a l k a l i n e  phosphatase c o n ju g a te  was a 1 :5000  
d i l u t i o n .  D e t e c t io n  was e n z y m a t i c a l l y  w i t h  p a r a - n i t r o  
phenyl phosphate .  The ELISA shows a peak t i t r e  w i t h  t h e  2nc 
b le e d ,  9 days p o s t - 1 s t  boost .
P re -p e p t id e = p re - im m u n e  serum a g a in s t  KK334 
P re - th y ro = p re - im m u n e  serum a g a in s t  t h y r o g l o b u l i n  
2 n d -p e p t id e = 2 n d  b leed  serum a g a in s t  KK334 
2 n d - th y ro = 2 n d  b lee d  serum a g a in s t  t h y r o g l o b u l i n


















Pre-peptide - * r -  Pre-thyro 2nd-peptide - o -  2nd-thyro
F ig u r e  3 . 7  Immunoblot w i th  a n t i -K K 2 8  and a n t i -K K 3 3 4  a n t i ­
s e ra .  E. c o l  i TG1 t ra n s fo rm e d  w i th  e i t h e r  pTZ19R or  p IF  
were grown, induced,  s o n ic a te d  and washed as d e s c r ib e d  in  
s e c t i o n  2 . 2 . 2 2 .  I n s o l u b l e  p e l l e t s  were resuspended in  
re d u c in g  SDS-PAGE sample b u f f e r  and se p a ra te d  on a 10% 
p o ly a c r y la m id e  gel and t r a n s f e r r e d  t o  n i t r o c e l l u l o s e .  
F i l t e r s  were probed w i t h  a 1 :4 00  d i l u t i o n  a n t i -K K 2 8  or  a 
1 :1 00  d i l u t i o n  o f  a n t i -K K 3 3 4 .  Goat a n t i - r a b b i t  IgG a l k a l i r  
phosphatase c o n ju g a te  was a 1 :5000  d i l u t i o n .  V i s u a l i z a t i o r  
was w i t h  NBT/BCIP.
A. A n t i -K K 2 8
B. A n t i -K K 3 3 4
1. TG1 t ra n s fo rm e d  w i t h  pTZ19R
2. TG1 t ra n s fo rm e d  w i t h  p IF






F ig u r e  3 . 8  Immunoblots o f  a l l  s e ra  c o l l e c t e d .  Whole c e l l  
l y s a t e s  o f  TG1 c e l l s  t ran s fo rm ed  w i t h  e i t h e r  pTZ19R o r  p IF  
were resuspended in  reducing SDS-PAGE sample b u f f e r ,  
s e p a ra te d  by a 10% p o ly a c ry la m id e  g e l ,  and t r a n s f e r r e d  t o  
n i t r o c e l l u l o s e .  A n t i - s e r a  were a 1 :100 d i l u t i o n .  Goat  
a n t i - r a b b i t  IgG a l k a l i n e  phosphatase was a 1 : 1 0 , 0 0 0  
d i l u t i o n .  V i s u a l i z a t i o n  was w i th  NBT/BCIP.
A. KK28 a n t i - s e r u m
1 -  pre-immune
2 -  1s t  b leed
3 -  2nd b leed
4 -  3 rd  b lee d  v
5 -  4 th  b leed
6 -  5 th  b lee d
7 -  6 th  b leed
8 -  f i n a l  b leed
B. KK334 a n t i - s e r u m
1 -  pre-immune
2 -  1s t  b leed
3 -  2nd b leed
4 -  f i n a l  b leed
a .  TG1 t r a n s fo rm e d  w i th  pTZ19R
b. TG1 t r a n s fo rm e d  w i th  p IF
Arrow s i n d i c a t e  th e  p o s i t io n  o f  IN .
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1 2  3 4
a b  a b  a b  a b
5 6 7 8
a b  a b  a b  a b
B 1 2 3 4,




3 . 4 . 1  P e p t id e  C o u p l in g  E f f i c i e n c y
D ur ing  th e  s y n th e s is  o f  both KK28 and KK334 th e  column 
d e t e c t o r s  r e g i s t e r e d  low c o u p l in g  e f f i c i e n c i e s .  In  o th e r  
words, i n d i c a t i o n s  were t h a t  dye had been removed from th e  
system, t h e  dye was presumably  s t i l l  bound to  f r e e  amino 
a c id s  in  t h e  p e p t i d e  and th e s e  f r e e  amino a c id s  were not  
coup led  t o  th e  incoming amino a c id s .  The l i n e a r  n a t u r e  o f  
SPPS r e q u i r e s  t h a t  c o u p l in g  be 99% o r  g r e a t e r  f o r  each 
c o u p l in g .  At 99% e f f i c i e n c y  in  th e  s y n th e s is  o f  a 16-mer  
one would e x p e c t  . 9 9 16 x 100% p u r i t y ,  o r  85%. An i n t u i t i v e  
answer t o  why c o u p l in g  e f f i c i e n c i e s  might  f a l l  d u r in g  a 
s y n th e s is  i s  t h e  f o r m a t io n  o f  secondary s t r u c t u r e  as th e  
p e p t i d e  c h a in  i s  le n g th e n e d .  W e s ta l l  and Robinson (1 9 7 0 )  
e n coun tered  t h i s  problem and in c lu d e d  urea  in  th e  r e a c t i o n  
t o  d e s t a b i l i z e  secondary s t r u c t u r e ,  r e s u l t i n g  in  an 
in c r e a s e d  y i e l d  o f  f u l l - l e n g t h  p r o d u c t .  T h is  answer i s  not  
f u l l y  s a t i s f a c t o r y  when using th e  CDM system. The dye 
m ole c u le  used ( Q u in o l in e  Y e l lo w )  i s  b u lk y ,  f a r  l a r g e r  than  
th e  incoming amino a c i d .  I f  secondary s t r u c t u r e  were  
c a su s ing  s t e r i c  h ind ra n c e  to  th e  incoming amino a c id ,  then  
th e  dye m o le c u le  would be s t e r i c a l l y  h in d e re d  as w e l l  and 
ought t o  g i v e  a f a l s e  high c o u p l in g  r e a d in g .  N o n - io n ic  dye 
i n t e r a c t i o n s  w i t h  th e  r e s i n  and th e  p e p t i d e  c h a in  cause  
f a l s e  low r e a d in g s  (Kinsman and O l i v i e r ,  in  p r e s s ) .  The low 
c o u p l in g  r e a d in g s  may in s t e a d  be a byproduct  o f  CDM and not
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t r u e  in co m p le te  c o u p l in g s .  The o b s e r v a t io n  has a ls o  been 
made t h a t  t h a t  most acy l  a t i o n s  f o l l o w i n g  Arg a re  r e p o r te d  
low; t h i s  i s  l i k e l y  t o  be an i n t e r a c t i o n  between th e  dye and 
th e  p r e v io u s  Arg (R. Kinsman, persona l  com m unica t ion ) .  CDM 
i s  e f f i c i e n t  a t  measuring t h e  r a t e  o f  a c y l a t i o n  but le s s  so 
th e  e x t e n t  (Kinsman and O l i v i e r ,  in  p r e s s ) .  The o n ly  t r u e  
t e s t  o f  d e t e c t i n g  in co m p le te  a c y l a t i o n  and th e  r e s u l t i n g  
d e l e t i o n  p e p t id e  would be t o  p u r i f y  and c h a r a c t e r i z e  th e  
d e l e t i o n  p r o d u c t .  Both KK28 and KK334 were p u r i f i e d  as 
f u l l - l e n g t h  prod uct  as shown by th e  mass spec troscopy  d a t a .
3 . 4 . 2  The Sequence o f  KK28
P e p t id e  KK28 was s y n th e s iz e d  w i t h  a Gin in  p la c e  o f  Gly  in  
p o s i t i o n  14. The change r e s u l t s  in  t h e  s u b s t i t u t i o n  o f  a 
c o n f o r m a t i o n a l 1y m ob i le  r e s id u e  t o  a b u l k i e r ,  p o l a r  r e s i d u e .  
ELISA dem onstra ted t h a t  a n t i -K K 2 8  was a b le  t o  re c o g n iz e  
p e p t i d e  KK28, but more i m p o r t a n t l y ,  im m unoblo t t ing  
demonstrated t h a t  KK28 a n t i - s e r u m  was a b le  t o  r e c o g n iz e  IN ,  
d e s p i t e  th e  n o n - n a t iv e  p e p t i d e .  S u t c l i f f  and co -w o rk e rs  
( 1 9 8 3 )  dem onstra ted t h a t  p e p t id e s  6 r e s id u e s  or  le s s  in  
l e n g th  f a i l  t o  produce immune serum c a p a b le  o f  r e c o g n iz in g  
f u l l - l e n g t h  p r o t e i n .  P e p t id e s  8 - 1 3  r e s id u e s  were s u f f i c i e n t  
t o  produce an immune response,  su g g es t in g  t h a t  th e  s h o r t e s t  
sequence r e c o g n iz a b le  t o  an a n t ib o d y  i s  8 r e s id u e s .  KK28 
was 15 r e s id u e s  in  le n g t h ,  w i t h  th e  p r e d i c t e d  h ig h e s t  
a n t i g e n i c  re g io n  a t  re s id u e s  2 - 7 .  Residue 14 may not form  
p a r t  o f  th e  a n t ib o d y  b in d in g  s i t e .  A method t o  t e s t  t h i s
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h y p o th e s is  would be t o  s y n th e s iz e  a s h o r t e r  p e p t i d e ,  10-12  
re s id u e s  in  le n g th ,  d e l e t i n g  re s id u e s  1 3 -1 6 ,  produce a n t i ­
p e p t id e  a n t i - s e r u m  and t e s t  th e  a b i l i t y  o f  t h i s  a n t i - s e r u m  
t o  re c o g n ize  IN .
3 . 4 . 3  P rodu ct ion  o f  A n t i - p e p t i d e  A n t i - s e r a
P e p t i d e - c a r r i e r  c o u p l in g  e f f i c i e n c y  was not measured. , Deen 
and c o -w o rk e rs ,  (1 9 90 )  found t h a t  " p s u e d o -c o u p l in g " , non-  
c o v a le n t  i n t e r a c t i o n s  between th e  p e p t i d e  and c a r r i e r  
p r o t e i n ,  i n t e r f e r e d  w i t h  chemical methods f o r  d e te rm in in g  
c o u p l in g  e f f i c i e n c y .  The pseudo c o n ju g a te s  e l i c i t e d  no 
a n t ib o d y  response.  Based on th e s e  o b s e r v a t io n s ,  
d e t e r m i n a t io n  o f  c o u p l in g  e f f i c i e n c y  was not necessary .
An a l t e r n a t i v e  t o  complete  F re u n d 's  a d ju v a n t  (CFA) was 
sought as CFA i s  known to  cause s i g n i f i c a n t  t o x i c  e f f e c t s  
such as l o c a l ,  s u b p le u r a l ,  h e p a t ic  and rena l  granuloma  
fo r m a t io n  and n e c r o t i z i n g  d e r m a t i t i s  (Warren e t  a l . ,  1986;  
Johnston e t  a l . ,  1991; Leskowitz  and Waksman, 1960; 
Broderson, 1 9 8 9 ) .  H u n t e r 's  T i t r e M a x ™  R-1 i s  one new 
a l t e r n a t i v e  to  CFA, re p o r te d  by th e  m a n u fa c tu re r  to  cause a 
minimum o f  s id e  e f f e c t s .  The m a n u f a c t u r e r 's  i n s t r u c t i o n s  
f o r  use in  r a b b i t s  i s  m in im a l .  Boost ing  i s  s a id  to  be 
r a r e l y  n e cessary .  Very  l i t t l e  response to  p e p t id e  was 
d e te c te d  by ELISA a f t e r  th e  i n i t i a l  i n n o c u l a t i o n  in  a l l  
r a b b i t s .  Response was g r e a t e r  a f t e r  one boost .  In  th e  case  
o f  KK28 and R ab b i t  88 th e  t i t r e  peaked a t  th e  second b leed  
and subsequent boosts were unab le  t o  r a i s e  th e  t i t r e .  Smith
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e t  a l .  ( 1 9 9 2 )  in  a comparison o f  CFA and T i t r e M a x  a ls o  found 
b o o s t in g  t o  be necessary ,  a l th o u g h  in  h is  e x p e r im e n t ,  th e  
T i t r e M a x  t i t r e  c o n t in u e d  to  r i s e  a f t e r  o n ly  one boost .  The 
immunoblots o f  a l l  th e  a n t i - s e r a  t o  KK28 showed th e  a n t i -  
s era  reco n g ize d  IN a t  b lee ds  2 - f i n a l  d e m o n s tra t in g  t h a t  th e  
lowest  t i t r e ,  b leed  3, was s u f f i c i e n t  to  re c o g n iz e  IN a t  a 
d i l u t i o n  o f  1 :1 0 0 .  I t  should  be noted t h a t  T i t re M a x  was 
l e s s  t o x i c  t o  th e  r a b b i t s .  O b s e rv a t io n s  by t h e  animal house 
s t a f f  noted no l e s io n s  f o r  R a b b i ts  73, 80 and 89.  R ab b i t  88 
developed a smal l nodule  on t h e  l e f t  h ind f l a n k ,  noted a t  
th e  t im e  o f  th e  f i n a l  b le e d .  R a b b i t  88 had been i n j e c t e d  4 
t im e s ,  3 w i t h  T i t r e M a x ,  once w i t h  a n t ig e n  in  PBS.
3 . 4 . 4  KK334 A n t i - s e r a
The immunobots in  f i g u r e s  3 .7 B  and 3 .8B  show a d is c re p a n c y  
in  th e  a b i l i t y  o f  a n t i -K K 3 3 4  to  re c o g n iz e  IN .  There  a r e  two 
d i f f e r e n c e s  between those  b l o t s .  The p r o t e i n  sample in  
f i g u r e  3 .7B  was th e  i n s o l u b l e  p e l l e t  a f t e r  s o n i c a t i o n  and 
d e te r g e n t  wash and th e  serum was p re -a b s o rb e d  to  remove E.  
c o l  7 a n t i b o d i e s .  In  f i g u r e  3 .8B  th e  p r o t e i n s  were whole  
c e l l  l y s a t e ,  th e  serum had not been p r e - a b s o r b e d . These 
r e s u l t s  dem onstra te  t h a t  f o r  a n t i -K K 3 3 4  p r e - a b s o r p t i o n  i s  a 
necessary  s te p  and t h a t  th e  a n t i - s e r u m  reco g n ize d  IN more 
e f f i c i e n t l y  a f t e r  some E. c o l  i p r o t e i n s  had been removed.
Due t o  these  o b s e r v a t i o n s ,  a n t i -K K 3 3 4  was r a r e l y  u t i l i z e d .
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3.5 Conclusions
The amino a c id  sequence o f  MoMLV IN was a n a ly ze d  f o r  
secondary s t r u c t u r e  and two re g io n s  chosen f o r  p e p t id e  
s y n t h e s is .  The p e p t id e s  were s y n th e s iz e d ,  p u r i f i e d ,  and 
m o le c u la r  w e ig h t  de te rm ined  by mass spe c tro sc op y .  A n t i - s e r a  
was produced in  r a b b i t s  using H u n t e r ’ s T i t r e M a x ™  R-1 as th e
a d ju v a n t  w i th  a minimum o f  s id e  e f f e c t s  to  th e  r a b b i t s .  The
a n t i - s e r a  were ca p a b le  o f  r e c o g n iz in g  recombinant  IN on 
immunoblots, a l th o u g h  KK28 was more e f f i c i e n t  than KK334.
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Chapter  4
C hapter  4 d e s c r ib e s  th e  e x p re s s io n  and s o l u b i l i z a t i o n  o f  IN 
as expressed as a f u s io n  w i t h  t h e  f i r s t  t h r e e  amino a c id s  o f  
{3-gal a c to s i  d a s e .
4 .1  I n t r o d u c t i o n
S tu d ie s  o f  i n t e g r a t i o n  have u t i l i z e d  f o u r  sources o f  IN :
i ) IN p u r i f i e d  from v i r u s  p a r t i c l e s  ( C o l i c e l l i  and G o f f ,
1985, 1988b; Panet  and B a l t im o r e ,  1987; Brown e t  a l . ,  
1987, 1989; Luk e t  a l . ,  1987; F u j iw a r a  and M iz u u c h i ,  
1988; F u j iw a r a  and C r a i g i e ,  1989; Roth e t  a l . ,  1990;  
Is h im o to  e t  a l . ,  1991; Roth, 1991)
i i )  e x p res s io n  in  i n s e c t  c e l l s  us ing  recombinant b a c u lo v i r u s
( C r a i g i e  e t  a l . ,  1990; Bushman e t  a l . ,  1990)
i i i )  e x p re s s io n  in  E. c o l i  ( T e r r y  e t  a l . ,  1988; H iz i  and 
Hughes, 1988; Sherman and F y fe ,  1990; Krogstad and 
Champoux, 1990; M arcus-Sekura  e t  a l . ,  1990; V in k  e t  
a l . ,  1991b; M a r c z i n o v i t z  e t  a l . ,  1992; Bushman e t  a l . ,  
1993;  Roth e t  a l . ,  1990)
i v )  e x p re s s io n  in  y e a s t  ( L e a v i t t  e t  a l . ,  1993; Basu and
Varmus 1 9 9 0 ) .
IN - a s s o c i a t e d  a c t i v i t e s  can be dem onstra ted  i n v i t r o  us ing  
p u r i f i e d  IN from v i r i o n s  and from b a c u lo v i r u s  e x p re s s io n ;  
however,  e x p re s s io n  in  E. c o l i  has proven p r o b le m a t ic .  IN 
as expressed from E. c o l i  u s u a l l y  a g g re g a te s  i n t o  i n s o l u b l e  
i n c l u s i o n  bodies  n e c e s s i t a t i n g  d e n a t u r a t io n  and r e f o l d i n g .
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That  p ro p er  r e f o l d i n g  i s  not  a lways suc c es s fu l  i s  i n f e r r e d  
from numerous r e p o r t s  in  which o n ly  n o n - s p e c i f i c  DNA b in d in g  
i s  dem onstra ted  ( f o r  example, Luk e t  a 7 . ,  1987; H iz i  and 
Hughes, 1988; Krogstad and Champoux, 1990; Roth e t  a l . ,
1 9 9 0 ) .
I n c l u s i o n  bod ies  a r e  a g g re g a te s  o f  recombinant  p r o t e i n ,  
th e  predom inant  component, w i t h  b a c t e r i a l  p r o t e i n s  such as 
t h e  s u b u n i ts  o f  RNA po lym erase,  o u te r  membrane p r o t e i n s ,  16S 
and 23S rRNA and p lasm id  DNA ( H a r t l e y  and Kane, 1 9 8 8 ) .  Why 
i n c l u s i o n  bod ies  form i s  not  w e l l  unders tood .  Format ion  
does not seem t o  be a response t o  f o r e i g n  p r o t e i n s ,  as E.  
c o l i  p r o t e i n s  expressed t o  h igh l e v e l s  a ls o  form i n c l u s i o n  
bodies  (Cheng, 1983; G r ib sko v  and Burgess, 1983, Botterman  
and Zabeau, 1 9 8 5 ) .  Nor i s  a g g r e g a t io n  a s s o c ia te d  w i t h  high  
l e v e l s  o f  recom binant  p r o t e i n ,  as low l e v e l s  can a ls o  be 
i n s o l u b l e  (Schoemaker e t  a l  1 9 8 5 ) .  V a r io u s  s t r a t e g i e s  can 
be employed t o  p u r i f y ,  d e n a t u r e ,  and r e f o l d  recombinant  
p r o t e i n s  and a r e  rev iew ed by Marston ( 1 9 8 6 ) ,  J a e n ic k e  
( 1 9 9 1 ) ,  and F is c h e r  e t  a l .  ( 1 9 9 3 ) .  A l though some d ena tured  
p r o t e i n s  can r e f o l d  in  t h e  absence o f  o t h e r  p r o t e i n s  i n  
v i t r o , i n v i v o  f o l d i n g  in v o lv e s  accessory  p r o t e i n s ,  such as 
p r o t e i n  d i s u l p h i d e  isomerase and p e p t i d y l - p r o l y l - C 7 ' s - t r a n s -  
isom eras^  [ re v ie w e d  by G eth ing  and Sambrook ( 1 9 9 2 ) ,  Schmid 
( 1 9 9 3 ) ,  arfcf J a e n ic k e ,  ( 1 9 9 3 ) ] .  P o ly p e p t id e s  w i t h  i n c o r r e c t  
p r o l y l  bonds caffl o n ly  p a r t i a l l y  f o l d  which promotes  
a g g r e g a t io n  and may be t h e  cause o f  some p r o t e i n s  be ing  
a ggrega ted  i n t o  i n s o l u b l e  i n c l u s i o n  b o d ies .
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4.2 Methods
4 . 2 . 1  S o l u b i l i z a t i o n  o f  P r o t e in s  w i t h  Urea and Guan id ine
I n s o l u b l e  p e l l e t s  f o l l o w i n g  d e t e r g e n t  wash ( s e c t i o n  2 . 2 . 2 2 )  
were resuspended in  4 ml urea or  g u a n id in e  ( i n  50 mM T r i s -  
C1 , pH 8 . 0 )  p e r  g o r i g i n a l  c e l l  p a s te  in  c o n c e n t r a t io n s  o f  
2, 4, 6 or  8 M. Samples were a l lo w e d  to  s tand o v e r n ig h t  a t  
room t e m p e r a tu r e  then c e n t r i f u g e d  a t  1 3 ,0 0 0  rpm f o r  10 
minutes  t o  s e p a r a te  s o lu b le  from i n s o l u b l e  m a t e r i a l .
S o lu b le  f r a c t i o n s  were e i t h e r  d i a l y z e d  a g a in s t  v a r io u s  
b u f f e r s  as d e s c r ib e d  in  f i g u r e  4 . 3  or  f r o z e n  a t  -2 0 °C .  
G u an id ine  s o l u b l e  f r a c t i o n s  were r o u t i n e l y  TCA p r e c i p i t a t e d  
b e fo r e  SDS-PAGE a n a l y s i s .
4 . 2 . 2  TCA P r e c i p i t a t i o n  o f  P r o t e in s
P r o t e in s  were p r e c i p i t a t e d  in  10% t r i c h l o r o a c e t i c  a c id ,  
s to r e d  on i c e  15 minutes and washed x3 in  50% d i e t h y l  e t h e r ,  
50% e t h a n o l .  The p e l l e t  was a l lo w e d  to  dry  c o m p le te ly  
b e fo r e  resuspending  in  reduc ing  SDS-PAGE sample b u f f e r .
4 . 3  R e s u l ts
4 . 3 . 1  E x pre ss ion  o f  IN
In  v i r i o n s ,  IN i s  s y n th e s iz e d  as a p o l y p r o t e i n  p re c u rs o r  
which i s  c le a v e d  by th e  v i r a l  p r o te a s e  to  form th e  mature
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IN .  Express ion  in  E. c o l i  n e c e s s i t a t e s  p r o v id in g  a Met or  
e x p re s s io n  as a f u s i o n .  P lasmid p IF  c o n s t r u c te d  by Krogstad  
and Champoux (1 9 9 0 )  expresses  IN as a fu s io n  w i th  t h r e e  
amino a c id s  from p - g a l a c t o s i d a s e . P lasmids p IF  and pTZ19R, 
th e  p a r e n t  v e c t o r  o f  p I F ,  were t ra n s fo rm e d  i n t o  E. c o l i  TG1 
by th e  CaCl2 method and recombinants  s e le c te d  by a m p i c i l l i n  
r e s i s t a n c e .  P lasmid was p re p a red  f o r  a n a l y s i s  by m i n i - p r e p ,  
r e s t r i c t i o n  d ig e s te d  and a n a ly ze d  by agarose gel  
e l e c t r o p h o r e s i s .  An i n s e r t  o f  1 .2  kb was c o n f i rm e d .  Whole 
c e l l  l y s a t e s  were p re p a red  and a n a ly ze d  by SDS-PAGE s t a in e d  
w i t h  Coomasie B lue .  An a d d i t i o n a l  p r o t e i n  was seen in  th e  
p IF  c o n s t r u c t  t h a t  was not  seen in  th e  v e c t o r - o n l y  c o n t r o l  
( f i g u r e  4 . 1 ) .  I t s  m o le c u la r  w e ig h t  was c a l c u l a t e d  from a 
c a l i b r a t i o n  curve  t o  be 45 kDa ( f i g u r e  4 . 2 ) .  Four major  
d e g r a d a t io n  p roducts  were i d e n t i f i e d  ( f i g u r e  4 . 7  la n e  1 0 ) .  
The m o le c u la r  w e ig h ts  were c a l c u l a t e d  and a r e  3 9 . 6 ,  3 2 . 5 ,  
2 9 . 7 ,  and 2 5 .7  kDa ( f i g u r e  4 . 2 ) .
4 . 3 . 2  S o l u b i l i z a t i o n  o f  IN
F ig u r e  4 . 3  l i s t s  th e  s teps  ta k e n  t o  produce s o lu b le  IN .  I t  
should be noted t h a t  a l l  th e s e  t r i a l s  were a n a ly ze d  by 
C oo m a s s ie -s ta in ed  SDS-PAGE g e l s .  The presence o f  a 
b a c t e r i a l  p r o t e i n  t h a t  c o -m ig r a t e d  w i t h  th e  IN and d is p la y e d  
s i m i l a r  s o l u b i l i t y  c h a r a c t e r i s t i c s  g r e a t l y  c o m p l ic a te d  th e  
i d e n t i f i c a t i o n  o f  IN in  th e s e  g e l s .  F ig u r e  4 . 4  i l l u s t r a t e s  
t h i s  problem and shows t h a t  f o l l o w i n g  s o n i c a t i o n  and washing  
th e  IN i s  lo c a t e d  in  t h e  i n s o l u b l e  f r a c t i o n .  That  IN was
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be ing  expressed in  i n s o l u b l e  i n c l u s i o n  bodies was conf i rm ed  
by l i g h t  microscopy o f  i n t a c t  b a c t e r i a l  c e l l s .  The 
i n c l u s i o n  bodies  appear as dark  spheres a t  th e  ends o f  th e  
c e l l s .  I n i t i a l  d e n a t u r a t io n  and r e f o l d i n g  t r i a l s  were  
conducted w i t h  growth a t  37°C and in c lu d e d  a l l  th e  
c o n d i t io n s  l i s t e d  in  f i g u r e  4 . 3 .  Optimum d e n a t u r a t io n  t im e  
and te m p e ra tu r e  were i n v e s t i g a t e d  and found t o  be a t  room 
te m p e ra tu r e  l e f t  s ta n d in g  o v e r n i g h t .  The IN was v i s i b l e  on 
g e ls  o n ly  in  th e  i n s o l u b l e  f r a c t i o n s  in  th e  v a r io u s  a t te m p ts  
t o  r e n a t u r e  th e  p r o t e i n ,  even when th e  p r o t e i n s  were 
c o n c e n t r a te d  by TCA p r e c i p i t a t i o n ,  which i n d i c a t e s  
r e a g g r e g a t i o n .  No s i g n i f i c a n t  d i f f e r e n c e  between B u f f e r s  A 
and R was observed .
Two c o n d i t io n s  o f  i n c l u s i o n  body fo r m a t io n  were  
i n v e s t i g a t e d .  As i n c l u s i o n  bod ies  can be a s s o c ia te d  w i t h  
high l e v e l s  o f  e x p r e s s io n ,  i n d u c t io n  was l i m i t e d  to  1 hour,  
a f t e r  which th e  c e l l s  were s o n ic a te d  and a n a ly ze d  by SDS- 
PAGE. No IN was v i s i b l e  on Coomassie s t a in e d  g e ls .  A lower  
growth te m p e ra tu re  has been suggested t o  decrease  th e  
i n c id e n c e  o f  p r o t e i n  a g g r e g a t io n  (Sche in  and Noteborn ,  1988;  
S che in ,  1 9 8 9 ) .  The e f f e c t  o f  lowered growth te m p e ra tu r e  was 
i n v e s t i g a t e d  on th e  p r o t o c o ls  l i s t e d  in  f i g u r e  4 . 3  w i t h  the  
e x c e p t io n  o f  th e  d i l u t i o n  ex p e r im e n ts  and d i r e c t  d i a l y s i s  
i n t o  SDS and b u f f e r s  A and R. The r e s u l t s  showed a g r e a t e r  
p r o p o r t i o n  o f  IN s o l u b l e  in  6M g u a n id in e .  A l l  subsequent  
b a c t e r i a l  growth was done a t  th e  lower  te m p e ra tu re  o f  30°C.
When th e  a n t i - s e r a  were a v a i l a b l e ,  a number o f  th e s e  
e xper im en ts  were re p e a te d  and a n a ly ze d  by im m u n o b lo t t in g ,
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p re s e n te d  in  f i g u r e s  4 . 5 - 4 . 7 .  The r e s u l t s  c on f i rm ed  t h a t  E.  
col  i expressed IN was i n s o l u b l e  in  u re a ,  but s o lu b le  in  6M 
g u a n id in e ,  and d id  re v e a l  a p r o p o r t i o n  o f  IN s o lu b le  a f t e r  
s t e p - w is e  d i a l y s i s  a g a in s t  d e c re a s in g  c o n c e n t r a t io n s  o f  
ure a .  An a l i q u o t  o f  th e  s o lu b le  p o r t i o n  was t e s t e d  f o r  
a c t i v i t y ,  p re s en ted  in  Chapter  6.
4 . 3 . 3  Express ion  in  E. c o l  i  CAG629 and B121
To i n v e s t i g a t e  t h e  e f f e c t s  o f  e x p re s s io n  o f  IN in  o th e r  
b a c t e r i a l  s t r a i n s ,  p lasm ids  pTZ19R and p IF  were t ra n fo rm e d  
i n t o  BL21, a s t r a i n  s u c c e s s f u l l y  used in  th e  e x p res s io n  o f  
HIV IN (Sherman and F y fe ,  1991)  and CAG629, a p ro te a s e  
d e f i c i e n t  s t r a i n .  As BL21 i s  a l y s o g e n ic  s t r a i n  o f  
b a c t e r i a ,  i t  i s  necessary  to  d e te rm in e  optimum in d u c t io n  
c o n d i t i o n s .  A n a ly s is  o f  an i n d u c t io n  t r i a l  i s  p re s en ted  in  
f i g u r e  4 . 8  w i t h  s o n i c a t e  and wash s o lu b le  f r a c t i o n s ;  v e ry  
low l e v e l s  o f  e x p re s s io n  were observed ,  w i th  some s o lu b le  IN 
a f t e r  s o n i c a t i o n ,  but  none in  th e  wash s o lu b le  f r a c t i o n .
W ith  CAG629 s o l u b i l i z a t i o n s  were c a r r e d  out  through u re a .  
A n a ly s is  by C o o m a s s ie -s ta in ed  SDS-PAGE g e ls  and 
im m unoblo t t ing  r e v e a le d  low l e v e l s  o f  e x p re s s io n ,  w i th  IN 
o n ly  v i s u a l i z e d  w i th  d i f f i c u l t y .  A n a ly s is  by im m unoblo tt ing  
w i t h  th e  more s e n s i t i v e  ECL d e t e c t i o n  system re v e a le d  IN to  
be s o lu b le  in  a l l  c o n c e n t r a t io n s  o f  urea ( f i g u r e  4 . 9 ) .
F ig u r e  4 .1  Coomassie s t a i n e d  SDS-PAGE gel  o f  p r o t e i n  
e x p re s s io n  in  E. c o l i  TG1. Whole c e l l  l y s a t e s  were  
resuspended in  re d u c in g  SDS-PAGE sample b u f f e r  and loaded  
a 7.5% a c ry la m id e  g e l .  S t a i n i n g  was w i t h  Coomassie B lue .  
The a r ro w  i n d i c a t e s  th e  p o s i t i o n  o f  IN .
Lane 1 M o le c u la r  w e ig h t  s ta n d a rd s  (kDa)
Lane 2 TG1 t ra n s fo rm e d  w i t h  pTZ19R 
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F ig u r e  4 . 2  C a l i b r a t i o n  curve  o f  t h e  m o le c u la r  w e ig h t  o f  IN 
expressed in  TG1; A-D a re  th e  major  d e g r a d a t io n  p roducts  
























■  P h o s p h o r y l  a s e  B
IN
O va lb u m i  n
C a r b o n i c  A n h y d ra s e
Soybean  T r y p s i n  I n h i b i t o r
Lysozyme
Distance migrated (mm)
F ig u r e  4 . 3  Flow c h a r t  d e p i c t i n g  th e  s o l u b i l i z a t i o n  
e x p e r im e n ts  used t o  d e n a tu re  and r e f o l d  IN .  NaCl,  u re a ,  ar 
g u a n id in e  were b u f f e r e d  in  50 mM T r i s - C l ,  pH 8 . 0 .  B u f f e r  t- 
i s  50 mM T r i s - C l ,  1 mM DTT, 0 .1  mM DTPA, 10% ( w / v )  g ly c e r o '  
pH 7 . 5 .  B u f f e r  R i s  50 mM T r i s - C l ,  2 mM EDTA, 2 mM DTT, 0. 
M NaCl,  0.1% ( v / v )  N on idet  P -4 0 ,  10% ( w / v )  g l y c e r o l ;  pH 
7 . 5 )  .
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F ig u r e  4 . 4  Coomassie s t a in e d  SDS-PAGE gel o f  s o n i c a t i o n  and 
wash. E. c o l  i t ra n s fo rm e d  w i t h  p IF  was grown a t  30°C,  
induced ,  s o n ic a te d  and washed as d e s c r ib e d  in  s e c t io n  
2 . 2 . 2 1 .  Samples were resuspended in  re d u c in g  SDS-PAGE 
sample b u f f e r  and loaded on a 7.5% a c ry la m id e  g e l .  S t a i n i n g  
was w i t h  Coomassie B lue .  The arrow i n d i c a t e s  t h e  p o s i t i o n  
o f  IN .
Lanes 1 -5  a r e  TG1 t r a n s fo rm e d  w i t h  p I F .
Lane 1 Whole c e l l  l y s a t e  
Lane 2 S o lu b le  f r a c t i o n  a f t e r  wash 
Lane 3 I n s o l u b l e  f r a c t i o n  a f t e r  wash 
Lane 4 S o lu b le  f r a c t i o n  a f t e r  s o n i c a t i o n  
Lane 5 Whole c e l l  l y s a t e
Lane 6 Untransform ed TG1 whole  c e l l  l y s a t e  
Lane 7 M o le c u la r  w e ig h t  s ta n d a rd s  (kDa)
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F ig u r e  4 . 5  Immunoblot o f  6M and 8M urea s o l u b i l i z e d  IN .  TG 
t ra n s fo rm e d  w i t h  e i t h e r  pTZ19R or  p IF  were s o l u b i l i z e d  in  
ure a  as d e s c r ib e d  in  s e c t i o n  4 . 2 . 1 .  Samples were ta k e n  up 
in  re d u c in g  SDS-PAGE sample b u f f e r  and s e p a ra te d  on a 10% 
a c r y la m id e  g e l .  Im m uno b lo tt ing  was w i th  a 1 :400  d i l u t i o n  o f  
a n t i -K K 2 8  a n t i - s e r u m .  Goat a n t i - r a b b i t  IgG a l k a l i n e  
phosphatase was a 1 : 1 0 , 0 0 0  d i l u t i o n .  V i s u a l i z a t i o n  was w i t  
NBT/BCIP. The arrow i n d i c a t e s  th e  p o s i t i o n  o f  IN .
Odd la n e s  a r e  TG1 t ra n s fo rm e d  w i th  pTZ19R.
Even la n e s  a re  TG1 t ra n s fo rm e d  w i th  p IF .
Lane 1 pTZ19R 6M urea  i n s o l u b l e
Lane 2 p IF 6M urea  i n s o l u b l e
Lane 3 pTZ19R 6M urea  s o lu b le
Lane 4 PIF 6M urea  s o lu b le
Lane 5 PTZ19R 8M urea  i n s o l u b l e
Lane 6 p IF 8M urea  i n s o l u b l e
Lane 7 PTZ19R 8M urea  s o lu b le
Lane 8 P IF 8M urea  s o lu b le







VF ig u r e  4 . 6  Immunoblot o f  2M, 4M, 6M, and 8M s o l u b i 1 i z a t i o n  *
i
o f  IN in  g u a n id in e .  TG1 transfomed w i th  e i t h e r  pTZ19R or  j 
p IF  were s o l u b i l i z e d  in  g u a n id in e  as descr ibed  in  s e c t io n
4 . 2 . 1 .  Samples were ta k en  up in  reducing SDS-PAGE sample 
b u f f e r  and s e p a ra te d  on a 10% g e l .  Immunoblott ing was witfr 
a 1 :1 0 0  d i l u t i o n  o f  a n t i -K K 2 8  a n t i - s e r u m .  Goat a n t i - r a b b i l  
IgG a l k a l i n e  phosphatase was a 1 :1 0 ,0 0 0  d i l u t i o n .  
V i s u a l i z a t i o n  was w i th  NBT/BCIP. The arrow i n d i c a t e s  the  
p o s i t i o n  o f  IN .
In  both  A and B, odd la n e s  a re  TG1 t ransform ed w i th  pTZ19R 
and even la n e s  a r e  TG1 t ran s fo rm e d  w i th  p IF .
(g u a n = g u a n id in e ;  i n s o l = i n s o l u b l e ;  s o l= s o lu b le )
A B
Lane 1 pTZ19R 2M guan i n s o l . Lane 1 pTZ19R 6M guan in s o l
Lane 2 P IF 2M guan in s o l Lane 2 PIF 6M guan in so l
Lane 3 pTZ19R 2M guan sol Lane 3 pTZ19R 6M guan sol
Lane 4 p IF 2M guan sol Lane 4 PIF 6M guan sol
Lane 5 pTZ19R 4M guan in s o l Lane 5 pTZ19R 8M guan in s o l
Lane 6 P IF 4M guan in s o l Lane 6 p IF 8M guan in so l
Lane 7 pTZ19R 4M guan sol Lane 7 PTZ19R 8M guan sol
Lane 8 p IF 4M guan in s o l Lane 8 PIF 8M guan sol
Lane 9 Mol . Wt:. s tandards Lane 9 Mol . Wt:. s tandards
(kDa) (kDa)
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F ig u r e  4 . 7  Immunoblot o f  6M g u a n id in e  p r e p a r a t i o n  o f  IN 
d i a l y z e d  a g a in s t  d e c r e a s in g  c o n c e n t r a t io n s  o f  u rea .  Sample 
s o lu b le  in  g u an id in e  were d i a l y z e d  s e q u e n t i a l l y  a g a in s t  8M, 
6M, 4M, 2M urea ,  then  b u f f e r  o n ly .  Samples were taken up i 
reduc ing  SDS-PAGE sample b u f f e r  and separa ted  on a 10% 
a c ry la m id e  g e l .  Im m unoblo t t ing  was w i th  a 1 :100  d i l u t i o n  
a n t i -K K 2 8  a n t i - s e r u m .  Goat a n t i - r a b b i t  IgG a l k a l i n e  
phosphatase was a 1 : 1 0 , 0 0 0  d i l u t i o n .  V i s u a l i z a t i o n  was w i t  
NBT/BCIP. The arrow i n d i c a t e s  th e  p o s i t i o n  o f  IN .
In  both A, B, and C odd lanes  a re  TG1 t ran s fo rm e d  w i th  
pTZ19R and even la ne s  a r e  TG1 t ran s fo rm e d  w i th  p IF .
( i n s o l = i n s o l u b l e ;  s o l = s o l u l b l e )
A B
Lane 1 pTZ19R 8M urea in s o l Lane 1 pTZ19R 4M urea sol
Lane 2 p I F  8M urea  in s o l Lane 2 p IF  4M urea sol
Lane 3 pTZ19R 8M urea sol Lane 3 pTZ19R 2M urea in s o l
Lane 4 p I F  8M urea  sol Lane 4 p IF  2M urea in so l
Lane 5 pTZ19R 6M urea in s o l Lane 5 pTZ19R 2M urea sol
Lane 6 p IF  6M urea in s o l Lane 6 p IF  2M urea sol
Lane 7 pTZ19R 6M urea  sol Lane 7 pTZ19R b u f f e r  in s o l
Lane 8 p IF  6M urea sol Lane 8 p IF  b u f f e r  in so l
Lane 9 PTZ19R 4M urea  in s o l Lane 9 pTZ19R b u f f e r  sol
Lane 19 p IF  4M urea  in s o l Lane 10 p IF  b u f f e r  sol
Lane 11 Mol. Wt. s tandards Lane 11 Mol W t . s tandards  (k
C. C o o m a s s ie -s ta in ed  g e l .  As B la ne s  7 -1 1 .
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F ig u r e  4 . 8  Immunoblot o f  e x p res s io n  o f  IN in  E. c o l i  BL21 . 
BL21 t ra n s fo rm e d  w i th  p IF  was induced a f t e r  2 or  3 hours o f  
grow th .  C e l l s  were h a rv e s te d  a t  1, 2, or  4 hours a f t e r  
i n d u c t i o n .  C e l l s  were taken  up in  reducing SDS-PAGE sample 
b u f f e r  and s e p a ra te d  on a 10% a c ry la m id e  g e l .  I
Im m unoblo tt ing  was w i th  a 1 :100  d i l u t i o n  a n t i -K K 2 8  a n t i ­
serum. Goat a n t i - r a b b i t  IgG a l k a l i n e  phosphatase was a 
1 : 1 0 , 0 0 0  d i l u t i o n .  V i s u a l i z a t i o n  was w i th  NBT/BCIP. The 
arrow i n d i c a t e d  th e  p o s i t i o n  o f  IN .
Lane 1 Whole c e l l  l y s a t e  BL21 t ran s fo rm e d  w i th  pTZ19R 
Lane 2 ( p I F )  in d u c t io n  a f t e r  2 hours, 1 hour growth  
Lane 3 In d u c t io n  a f t e r  2 hours,  2 hour growth
Lane 4 I n d u c t io n  a f t e r  2 hours,  4 hour growth
Lane 5 I n d u c t io n  a f t e r  3 hours,  1 hour growth
Lane 6 I n d u c t io n  a f t e r  3 hours, 2 hour growth
Lane 7 I n d u c t io n  a f t e r  3 hours, 4 hour growth
Lane 8 S o lu b le  f r a c t i o n  a f t e r  s o n ic a t io n
Lane 9 S o lu b le  f r a c t i o n  a f t e r  wash ]
iLane 10 M o le c u la r  w e ig h t  s tandards  (kDa) )
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F ig u re  4 . 9  Immunoblot o f  CAG629 transformed w i th  e i t h e r  
pTZ19R o r  p IF  and s o l u b i l i z e d  in  urea as described in  
s e c t io n  4 . 2 . 1 .  Samples were taken  up in  reducing SDS-PAGE 
sample b u f f e r  and separa ted  on a 10% acrylamide g e l .
Immunobl o t t i  ng was w i th  a 1 :100  d i l u t i o n  o f  an t i -K K 28  a n t i -  jj 
serum. The second a n t ib ody  was a 1:1000  d i l u t i d n  o f  goat  j 
a n t i - r a b b i t  IgG h o rs e rad is h  p e rox idase  conjugate. I
V i s u a l i z a t i o n  was w i th  th e  ECL D e te c t io n  system. The a n t i -  |
I
KK28 a n t i - s e r u m  was not p re -a b s o r b e d . |
In  both A and B odd lanes  a re  CAG629 transformed w i t h  pTZ19R, 
and even la ne s  a re  CAG629 t ransform ed w i th  p IF .  I
( i n s o l = i n s o l u b l e\  s o l= s o lu b le )  j
I
A
Lane 1 PTZ19R 2M urea inso l
B
Lane 1 pTZ19R 6M urea in s o l
Lane 2 p IF  2M urea in so l Lane 2 p IF  6M urea in s o l
Lane 3 PTZ19R 2M urea sol Lane 3 PTZ19R 6M urea sol
Lane 4 p IF  2M urea sol Lane 4 p IF  6M urea sol
Lane 5 PTZ19R 4M urea in so l Lane 5 pTZ19R 8M urea in s o l
Lane 6 p IF  4M urea in so l Lane 6 p IF  8M urea in s o l
Lane 7 pTZ19R 4M urea sol Lane 7 pTZ19R 8M urea sol
Lane 8 p IF  4M urea sol Lane 8 p IF  8M urea sol
Lane 9 M o l . Wt . s tandards Lane 9 M o l . Wt:. s tandards
( kDa) (kDa)
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An e x p r e s s io n  system f o r  MoMLV IN was developed but  th e  
p r o t e i n  was expressed in  i n s o l u b l e  i n c l u s i o n  b o d ie s ,  a 
problem o f t e n  encountered  when recombinant  p r o t e i n s  a re  
expressed i n t r a c e l 1u l a r l y  in  E. c o l  i (M a rs to n ,  1986)  and 
common f o r  IN .  I n c l u s i o n  b o d ies  f i r s t  r e q u i r e  s e p a r a t io n  
from b a c t e r i a l  p r o t e i n s ,  and t h i s  was p a r t i a l l y  accomplished  
in  t h i s  s tudy  by s o n i c a t i o n  and d e t e r g e n t  wash. N ex t ,  th e  
i n c l u s i o n  b o d ie s  must be d e n a tu r e d .  In  th e  case o f  IN ,  a 
v a r i e t y  o f  d e n a tu r a n ts  have been employed, such as 1.0% SDS 
f o r  HIV-1 and MoMLV ( H i z i  and Hughes, 1 9 8 8 ) ,  1M NaCl f o r  
HIV-1  (Sherman and F y fe ,  1 9 9 0 ) ,  8M urea  f o r  HIV-1  (M arcus-  
Sekura e t  a l . ,  1990)  and 7M g u a n id in e  f o r  MoMLV (Roth e t  
a l . ,  1 9 9 0 ) .  In  th e  case o f  MoMLV IN expressed from plasmid  
p I F ,  6M g u a n id in e  s o l u b i l i z e d  a p r o p o r t i o n  o f  th e  
recombinant  p r o t e i n .  Once t h e  recombinant p r o t e i n  has been 
d e n a tu re d ,  r e f o l d i n g  i s  r e q u i r e d  and s e v e r a l  c o n d i t i o n s  were  
i n v e s t i g a t e d .  IN c o n s i s t e n t l y  r e a g g re g a te d  and came out  o f  
s o l u t i o n  in  most o f  those  c o n d i t i o n s .  The v a lu e  o f  th e  
a n t i - s e r a  in  d e t e c t i n g  small q u a n t i t i e s  o f  IN was 
dem onstra ted w i th  t h e  o b s e r v a t i o n  o f  IN re m a in in g  in  
s o l u t i o n  f o l l o w i n g  s t e p - w is e  d i a l y s i s  a g a in s t  d e c re a s in g  
c o n c e n t r a t io n s  o f  u re a .
As t h e r e  can be v a r i a t i o n  in  e x p re s s io n  in  d i f f e r e n t  
b a c t e r i a l  s t r a i n s ,  BL21 and CAG629 were i n v e s t i g a t e d .  
Express ion in  both was a t  v e ry  low l e v e l s ,  and a l th o u g h  IN 
expressed in  BL21 seemed t o  be s o lu b le  a f t e r  s o n i c a t i o n  and
92
in  CAG629 th e  p r o t e i n  d id  d i s p l a y  s o l u b i l i t y  in  u re a ,  th e  
e x p e r im e n ts  were not pursued.  Express ion  in  CAG629 a ls o  
produced few er  d e g r a d a t io n  p ro d u c ts ;  d e g r a d a t io n  w i l l  be 
discussed  in  Chapter  5.
Two f a c t o r s  a re  im p o r ta n t  in  r e n a t u r a t i o n : c o r r e c t  
d i s u l p h i d e  bond fo r m a t io n  and p r o l i n e  c i s - t r a n s  
i s o m e r i z a t i o n .  MoMLV has o n ly  t h r e e  c y s t e i n e s ,  two o f  which  
a re  i m p l i c a t e d  in  c o - o r d i n a t i n g  z in c  (see  Chapter  7 ) .
Perhaps a more im p o r ta n t  c o n s i d e r a t i o n  f o r  MoMLV IN i s  
p r o l i n e  c o n t e n t .  I n  v i v o  p r o l i n e s  a r e  a l l  t r a n s l a t e d  in  th e  
t r a n s  c o n f i g u r a t i o n ,  but  some do assume th e  c i s  
c o n f i g u r a t i o n  in  th e  f o l d e d  p r o t e i n .  MoMLV IN has 32 
p r o l i n e s ,  a p r o l i n e  c o n te n t  o f  7 .8%. Comparison o f  s o lu b le  
and i n s o l u b l e  p r o t e i n s  expressed as a f u s io n  w i t h  e l l  
p r o t e i n  in  E. coTi  r e v e a ls  t h a t  low p r o l i n e  c o n te n t  may 
c o r r e l a t e  w i t h  s o l u b i l i t y  (S c h e in ,  1 9 8 9 ) .  P r o t e in s  w i t h  
high p r o l i n e  c o n t e n t ,  however, show v a r i a b l e  l e v e l s  o f  
s o l u b i l i t y ;  f o r  example, human c-myc (7 .1%  p r o l i n e )  i s  
i n s o l u b l e  as w e l l  as human a - g l o b i n  (5 .0%  p r o l i n e )  and 
Xenopus hi s tones  (5 .6%  p r o l i n e ) .  However, human plasma  
g e l s o l i n  (5 .0%  p r o l i n e )  and t h e  C - te rm in u s  o f  human plasma  
g e l s o l i n  (5 .4%  p r o l i n e )  can be expressed as s o lu b le  p r o t e i n s  
in  E. c o l i  ( c i t e d  in  S c h e in ,  1 9 8 9 ) .  In  th e  case o f  th e s e  
p r o t e i n s ,  high p r o l i n e  c o n te n t  a lo n e  does not account f o r  
i n s o l u b i l i t y ,  w i t h  Ca2+ b i n d i n g ,  c y s t e i n e  c o n te n t  and 
re p e a ts  o f  n e g a t i v e l y  charged r e s id u e s  p o s s ib ly  p l a y i n g  a 
ro l  e .
93
P r o l y l  isomerases a re  u b iq u i t o u s  and E. c o l i  possesses  
two: PPIase A, a c t i v e  in  th e  p e r ip la s m ,  and PPIase B,
a c t i v e  in  th e  cy top lasm . I t  would be expected  t h a t  PPIase B 
should c a t a l y z e  p r o l i n e  i s o m e r i z a t i o n  in  c y t o p l a s m i c a l 1y 
expressed recombinant  p r o t e i n s  i n  v i vo.  However, g iven  t h a t  
i )  i s o m e r i z a t i o n  i s  s low, i i )  t h e  r a t e  o f  s y n th e s is  o f  
recombinant p r o t e i n  i s  h ig h ,  i i i )  p o ly p e p t id e s  w i th  
i n c o r r e c t  p r o l i n e  bonds a g g re g a te  and i v )  a c c e s s i b i l i t y  o f  
th e  p r o l y l  bond to  th e  isomerase i s  im p o r ta n t ,  a g g r e g a t io n  
p o s s ib ly  h in d e r in g  access,  a l l  im p ly  t h a t  o n ly  a small  
p r o p o r t i o n  o f  recombinant  p r o t e i n  would possess th e  prop er  
p r o l i n e  bonds. P r o v is io n  o f  PPI d u r in g  i n v i t r o  r e f o l d i n g  
or  c o -e x p res s e d  i n v i v o  a r e  s t r a t e g i e s  t h a t  cou ld  be 
enployed t o  in c r e a s e  th e  amount o f  p r o p e r l y  f o ld e d  p r o t e i n .  
That  PPI i n v i t r o  can c a t a l y z e  i s o m e r i z a t i o n  i s  w e l l  
e s t a b l i s h e d ,  though not f o r  a l l  p r o t e i n s  ( L i n  e t  a l . ,  1 9 8 8 ) .  
C o -e xp re s s io n  w i th  PPI has not  been s tu d ie d  e x t e n s i v e l y ;  one 
r e p o r t  has been found in  th e  l i t e r a t u r e  and t h a t  
dem onstra ted  no in c r e a s e  in  c o r r e c t l y  fo ld e d  a n t ib o d y  
f ragm ents  co-expressed  w i t h  PPIase A (Knappik  e t  a l . ,  1 9 9 3 ) .  
As w i t h  in v i t r o  r e f o l d i n g ,  th e  success o f  c o -e x p r e s s io n  may 
prove t o  be p r o t e i n  dependent.
4 . 5  Conclusions
Express ion  o f  MoMLV IN was i n v e s t i g a t e d  in  t h r e e  d i f f e r e n t  
b a c t e r i a l  s t r a i n s .  In  E. c o l i  TG1 IN was a ggrega ted  in  
i n s o l u b l e  i n c l u s i o n  bo d ie s .  A lthough d e n a t u r a t io n  was
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a c h ie v e d  in  6M g u a n id in e ,  r e f o l d i n g  in  v a r io u s  c o n d i t io n s  
caused IN t o  come out  o f  s o l u t i o n .  Both E. c o l i  BL21 and 
CAG629 produced IN w i t h  g r e a t e r  s o l u b i l i t y  than in  TG1. At  
th e  t im e  th e  work d e s c r ib e d  in  t h i s  c h a p te r  was l a r g e l y  
com ple ted ,  t h e r e  were no r e p o r t s  o f  suc c es s fu l  e x p re s s io n  o f  
IN in  E. c o l i  in  t h e  l i t e r a t u r e .  A d i f f e r e n t  e x p res s io n  
s t r a t e g y  was developed and i s  p re s e n te d  in  Chapter  5. Had 
t h i s  work c o n t in u e d ,  v a r io u s  d e n a t u r a t i o n  c o n d i t io n s  would  
have been i n v e s t i g a t e d ,  such as th e  e f f e c t  o f  pH, i o n i c  
e nv ironm e nt ,  and th e  r a t i o  o f  d e n a t u r a n t  t o  p r o t e i n  as w e l l  
as t h e  use o f  d e t e r g e n t s  as d e n a t u r a n t .  R e n a tu r a t io n  
c o n d i t io n s  t o  be i n v e s t i g a t e d  would be maintenance o f  
r e d u c t io n ,  pH and th e  r a t i o  o f  r e n a t u r a n t  to  p r o t e i n .  
P r o v is io n  o f  PPI d u r in g  i n  v i t r o  r e f o l d i n g  or  c o -e x p r e s s io n  
o f  PPI cou ld  a ls o  be i n v e s t i g a t e d .
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Chapter  5
T h is  c h a p te r  d e s c r ib e s  th e  c o n s t r u c t i o n  o f  pMIN, a v e c to r  
t h a t  expresses  IN as a fu s io n  w i t h  M a l to s e  B ind ing  P r o te in  
(MBP) and th e  p u r i f i c a t i o n  o f  MBP-IN.
5 .1  I n t r o d u c t i  on
A prom is in g  approach to  th e  e x p re s s io n  o f  IN from E. co l  i i s  
as an MBP-IN f u s io n ,  a method s u c c e s s f u l l y  u t i l i z e d  to  
express  H IV - IN  (Kulkosky  e t  a l . , 1992; V in k  e t  a l . ,  1993)  
and a v ia n  IN (K i ta m u ra  e t  a l . ,  1 9 9 2 ) .  Express ion  l e v e l s  
were high w i t h  no need f o r  s o l u b i l i z a t i o n  and subsequent  
p u r i f i c a t i o n  on an amylose a f f i n i t y  column y i e l d e d  up t o  95% 
pure MBP-IN. A lthough a s t r a t e g i c a l l y - p l a c e d  F a c to r  Xa 
c le a v a g e  s i t e  a t  th e  N - te rm in u s  o f  IN can y i e l d  n a t i v e  IN ,
in  a l l  t h r e e  r e p o r t s  above MBP-IN was a c t i v e  in  an i n v i t r o
a u t o - i n t e g r a t i o n  assay as a f u s io n  p r o t e i n .
Another  p rom is ing  development i s  th e  f i r s t  r e p o r t  o f
a c t i v e  MoMLV IN expressed from E. c o l  i in  which th e  C-
te r m i n a l  28 amino a c id s  a re  d e l e t e d  and r e p la c e d  by a hexa-  
h i s t i d i n e  t a i l  (Jonsson e t  a l . ,  1 9 9 3 ) .  P u r i f i c a t i o n  was on 
a n i c k e l  a f f i n i t y  column in  4M urea  and r e f o l d i n g  was 
accomplished by d i a l y s i s  a g a in s t  reduced b u f f e r  in  
d e c re a s in g  c o n c e n t r a t io n s  o f  u re a .  IN produced in  t h i s  
manner was a c t i v e  i n v i t r o  in  3 '  p ro c e s s in g ,  s t ra n d  
t r a n s f e r ,  and d i s i n t e g r a t i o n  assays .
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5.2 Materials and Methods
5 . 2 . 1  M a te r i  a l s
Taq polymerase was from Northum bria  B i o l o g i c a l s  or  Perk in  
Elmer.  dNTPs were from Pharmacia. The MBP fu s io n  
p u r i f i c a t i o n  re ag en ts  were from New England BioLabs.  
Monopotassium g lu ta m a te  was from F lu k a .
5 . 2 . 2  Methods
5 . 2 . 2 . 1  Polymerase Chain R ea c t io n  (PCR)
PCR was per formed in  a P e rk in  Elmer Cetus DNA Thermal 
C y c l e r .  The r e a c t i o n  c o n ta in e d  10 pmol te m p la te  DNA, 20 
pmol o f  each p r im e r ,  5 mM each dNTP, 2 . 5  U Taq DNA 
polymerase and PCR b u f f e r  (0 .1  M T r i s - C l  (pH 8 . 3 ) ,  0 . 5  M 
KC1, 15 mM MgCl2 , 0 .01% (w / v )  BSA) in  a t o t a l  volume o f  100 
p i .  Thermal c y c le s  c o n s is te d  o f :  94°C f o r  1 minute  to  
a l l o w  DNA s t ra n d  s e p a r a t i o n ,  37°C f o r  1 minute  f o r  p r im e r  
a n n e a l i n g ,  and 2 minutes a t  72°C f o r  DNA s t ra n d  e x te n s io n  by 
Taq po lym erase .  F o l lo w in g  33 c y c le s  th e  te m p e ra tu r e  was 
m a in ta in e d  a t  72°C f o r  10 minutes t o  a l lo w  complete  s t ra n d  
e x t e n s i o n .  Samples were s to r e d  a t  -2 0 °C  u n t i l  a n a ly ze d  by 
agarose gel e l e c t r o p h o r e s i s .
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5 . 2 . 2 . 2  Amylose Column Chromatography
The m a ltose  b in d in g  p r o t e i n - i n t e g r a s e  fu s io n  (MBP-IN) was 
p u r i f i e d  by a f f i n i t y  chromatography on an amylose r e s i n .  
Columns were prepared  w i t h  p r e - s w o l l e n  r e s i n  in  2 s i z e s :  1 
cm3 and 10 cm3 . The column was washed w i t h  8 column volumes 
o f  column b u f f e r  a t  2 -3  ml m in - 1 . A f t e r  s o n i c a t i o n ,  the  
s o l u b l e  f r a c t i o n  o f  E. c o l  i c e l l s  t ra n s fo rm e d  w i th  pMAL-c 
or  pMIN ( t h e  in t e g r a s e  e x p re s s io n  v e c t o r )  was loaded onto  
t h e  column a t  a f lo w  r a t e  o f  1 ml min-1 and th e  column was 
washed w i th  8 volumes o f  column b u f f e r .  E l u t i o n  was w i t h  10 
mM or  100 mM m altose  in  column b u f f e r ,  and 1 ml or  3 ml 
f r a c t i o n s  were c o l l e c t e d .  Two column b u f f e r s  were used:
T r i s  based (10  mM T r i s - C l  (pH 7 . 4 ) ,  200 mM N a C l , 1 mM EDTA) 
or  phosphate based (10 mM NaPC>4 (pH 7 . 2 ) ,  0 . 5  M NaCl, 1 mM 
Na a z i d e ,  10 mM 8-ME, 1 mM EGTA). F o l lo w in g  e l u t i o n  th e  
column was washed w i th  1 volume H2 O, 3 volumes 0.1% (w /v )  
SDS, 1 volume H2 O and 3 volumes column b u f f e r .  The columns 
were used a maximum o f  5 t im e s  b e fo r e  rep lacem ent  and were  
s to r e d  a t  4°C.
5 . 2 . 2 . 3  C leavage w i th  F a c to r  Xa
The MBP-IN fu s io n  was c le a v e d  w i th  F a c to r  Xa in  a r a t i o  o f  
1% (w/w) F a c to r  Xa t o  fu s io n  p r o t e i n  in  column b u f f e r  
( l i s t e d  above) a t  room te m p e r a t u r e .  A l i q u o t s  were taken  a t  
2, 4, 8 and 24 hours and a n a ly ze d  by SDS-PAGE f o r  complete  
c le a v a g e .  For th e  l a r g e  s c a le  p r e p a r a t i o n  o f  p r o t e i n  th e
98
samples were in cu bated  o v e r n ig h t  (14  hours)  a t  room 
te m p e ra tu r e  w i th  g e n t l e  a g i t a t i o n .
5 . 2 . 2 . 4  S o l u b i l i z a t i o n  o f  IN A f t e r  Cleavage
F o l lo w in g  c le a v a g e  w i th  F a c to r  Xa, IN was s o l u b i l i z e d  in  4 M 
u re a ,  10% ( w / v )  g l y c e r o l  and 0.1% ( v / v )  Non idet  P-40 in  
column b u f f e r .  The s o l u t i o n  was g e n t l y  a g i t a t e d  f o r  1 hour  
a t  room te m p e ra tu r e .  IN was r e n a tu r e d  by s t e p - w is e  d i a l y s i s  
a g a in s t  d e c re a s in g  c o n c e n t r a t io n s  o f  urea in  10 mM Hepes (pH 
7 . 4 ) ,  1 mM DTT, 20% ( v / v )  g l y c e r o l ,  0.1% ( v / v )  Non idet  P -40 ,  
400 mM monopotassium g lu ta m a te .  D i a l y s i s  was over  5 days 
a g a in s t  2 1 o f  each c o n c e n t r a t io n  o f  urea (3  M, 2 M, or  1 M) 
f o r  24 hours w i th  one change, and t h e  f i n a l  d i a l y s i s  a g a in s t
3 . 5  1 w i th  no urea over  48 hours w i t h  2 changes.
5 . 3  R e s u l ts
5 . 3 . 1  C o n s t r u c t io n  o f  pMIN
Plasmid pMIN was designed to  p r e s e r v e  th e  F a c to r  Xa c le a v ag e  
s i t e  such t h a t  f o l l o w i n g  c le a v a g e  t h e  IN amino a c id  sequence 
would be m a in ta in e d .  The IN coding re g io n  was p ro v id ed  by 
PCR a m p l i f i c a t i o n  from p lasm id  p IF  us ing  o l i g o  p r im e rs  
designed to  in t r o d u c e  an EcoRV ( b l u n t - e n d e d ) ( a l 1 o l i g o  
sequences a re  l i s t e d  in  T a b le  2 . 1 )  r e s t r i c t i o n  s i t e  a t  th e  
5 '  end and a P s tI  s i t e  a t  th e  3 '  end ( f i g u r e  5 . 1 ) .  Plasmid  
pMAL-c was prepared  by d i g e s t i o n  w i t h  S tu I ( b l u n t - e n d e d )  and
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P s t I ,  s i t e s  f o r  which a r e  lo c a t e d  in  th e  p o l y l i n k e r  o f  pMAL- 
c .  Four l i g a t i o n s  were u n s u c c e s s f u l ly  performed using a 
v a r i e t y  o f  DNA p u r i f i c a t i o n  te c h n iq u e s ,  summarized in  T a b le
5 .1  .
In  th e  2nd, 3rd and 4 th  l i g a t i o n  ex p e r im e n ts  
recombinants  were o b ta in e d ,  but  none were o f  th e  expected  
s i z e  o f  7 .3  kb ( IN  i n s e r t  1 .2  KB, v e c t o r  6 .1  k b ) .  Commonly 
o c c u r in g  s i z e s  were 2 . 0 ,  3 . 0 ,  4 . 2 ,  and 6 . 6  kb. R e s t r i c t i o n  
d i g e s t  mapping i n d i c a t e d  t h a t  th e s e  s m a l le r  p lasm ids  d id  
in c l u d e  th e  IN coding i n s e r t ,  p o i n t i n g  t o  a d e l e t i o n  in  th e  
pMAL-c v e c t o r .  To r u l e  ou t  re c o m b in a t io n  due t o  th e  b l u n t ­
ended l i g a t i o n ,  o l i g o  Eag was des igned t o  a v o id  a b l u n t -  
ended l i g a t i o n  using t h e  Eagl r e s t r i c t i o n  s i t e  in  th e  
p o l y l i n k e r  w h i l e  p r e s e r v in g  th e  n a t i v e  IN re a d in g  frame and 
F a c to r  Xa c le a v a g e  s i t e .  O l ig o  Eag was used as t h e  5 1 
p r im e r  in  th e  PCR r e a c t i o n  w i t h  o l i g o  Pst1 ( f i g u r e  5 . 2 ) .
The f ragm ent  was p u r i f i e d  from agarose by f r e e z e - s q u e e z e ,  
d i g e s te d  w i th  Eagl and P s t I ,  a g a in  p u r i f e d  from agarose by 
f r e e z e - s q u e e z e ,  then passaged through a NENsorb column. The 
pMAL-c v e c t o r  was prepared  from a CsCl m a x i -p r e p ,  d i g e s te d  
w i t h  Eagl and P s t I , d e p h o s p h o ry la te d , p u r i f i e d  from agarose  
by f r e e z e - s q u e e z e ,  then passaged throug h  a NENsorb column.
To address t h e  problem o f  p o s s ib le  l e t h a l  e x p r e s s io n ,  th e  
l i g a t i o n  r e a c t i o n  was t ra n s fo rm e d  i n t o  JM105, a non­
e x p re s s io n  s t r a i n  o f  E. c o l i .  S ix  recombinants  r e s u l t e d  and 
were m i n i - p r e p p e d . R e s t r i c t i o n  d i g e s t  a n a l y s i s  r e v e a le d  one 
o f  th e s e  to  be o f  th e  c o r r e c t  s i z e ,  w i t h  a f ragm ent  o f  1 .2
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kb. P lasmid pMIN was m axi -prepped  by th e  CsCl method, then  
t r a n s fo rm e d  i n t o  E. c o l i  TB1 .
5 . 3 . 2  E xpress ion  o f  MBP-IN
Whole c e l l  l y s a t e s  were p repared  o f  TB1 t ran s fo rm e d  w i th  
plam sids  pMAL-c or  pMIN and were a n a ly ze d  by SDS-PAGE and 
im m uno b lo t t ing  ( f i g u r e  5 . 3 ) .  The Coomassie s ta in e d  SDS-PAGE 
gel  r e v e a le d  no obvious unique band in  th e  pMIN l y s a t e .  The 
immunoblot,  probed w i th  a n t i - m a l t o s e  b in d in g  p r o t e i n  a n t i ­
serum, r e v e a le d  two un ique bands in  th e  pMIN l y s a t e .  The 
immunoblot was re p e a te d  w i th  induced c e l l  l y s a t e s  and probed  
w i t h  a n t i -K K 2 8  a n t i - s e r u m  ( f i g u r e  5 . 4 ) .  E leven d i s t i n c t  
bands were v i s u a l i z e d  in  th e  m o le c u la r  w e ig h t  range o f  9 3 -5 3  
kD. M o le c u la r  w e ig h ts  were c a l c u l a t e d  f o r  p r o t e i n s  A-K 
( f i g u r e  5 . 5 )  and a re  as f o l l o w s ;  A -  9 3 . 5 ,  B -  8 7 . 8 ,  C -
8 0 . 0 ,  D -  7 1 . 3 ,  E -  6 9 . 7 ,  F -  6 8 . 1 ,  G -  6 3 . 6 ,  H -  6 0 . 8 ,  I  -
5 8 . 1 ,  J -  5 5 . 5 ,  K -  5 3 .0  kD. Band B corresponds to  th e  
expected  m o le c u la r  w e ig h t  o f  88 kD f o r  MBP-IN fu s io n  and was 
produced in  th e  l a r g e s t  q u a n t i t y .  The induced c e l l s  were  
a ls o  a n a ly ze d  by im m unoblo tt ing  w i t h  a n t i -K K 3 3 4  a n t i - s e r u m .  
No bands unique to  th e  pMIN l y s a t e  were i d e n t i f i e d .
To address th e  p o s s i b i l i t y  o f  l e t h a l  e x p re s s io n ,  
s a t u r a t e d  c u l t u r e s  o f  TB1 t ra n fo rm e d  w i th  pMAL-c and pMIN 
were p rep a red  and used t o  i n o c u l a t e  f r e s h  c u l t u r e  media.  
B a c t e r i a l  growth was m onitored  by OD5 5 0  ( f i g u r e  5 . 6 ) .  The 
growth curves  i n d i c a t e  t h a t  e x p re s s io n  o f  MBP-IN i s  not  
l e t h a l  t o  th e  c e l l s .  The s low er  growth r a t e  o f  th e  induced
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pMIN p ro b ab ly  r e s u l t s  from th e  t r a n s c r i p t i o n  and t r a n s l a t i o n  
o f  th e  fu s io n  p r o t e i n .
5 . 3 . 3  T r i a l  P u r i f i c a t i o n  and C leavage o f  MBP-IN
T r i a l  p u r i f i c a t i o n  and c le a v a g e  fo l lo w e d  most o f  th e  
m a n u f a c t u r e r 1s recommendations. T r i a l s  were f i r s t  done to  
dete rm in e  th e  a p p r o p r i a t e  b u f f e r  f o r  s o n i c a t i o n  in  o rd e r  to  
produce th e  g r e a t e s t  q u a n t i t y  o f  s o lu b le  fu s io n  p r o t e i n  
(d e s c r ib e d  in  d e t a i l  in  f i g u r e  5 . 7 ) .  The g r e a t e s t  amount o f  
s o lu b le  p r o t e i n s  o v e r a l l ,  i n c l u d i n g  d e g r a d a t io n  p ro d u c ts ,  
was found w i t h  Bas ic  B u f f e r .  P u r i f i c a t i o n  was t h e r e f o r e  
undertaken us ing Basic  B u f f e r  as th e  s o n i c a t i o n  b u f f e r .
T r i a l s  were conducted t o  ensure  t h a t  MBP-IN would bind  
t o  th e  amylose r e s i n  and e l u t e  w i t h  m a ltose;  t h i s  was 
c o n f i rm e d .  A 1 cm3 amylose column was prepared  and used to  
p u r i f y  MBP-IN from a 25 ml c u l t u r e  o f  TB1 e x p re s s in g  e i t h e r  
MBP-IN or  MBP. The r e s u l t s  a re  p re s en ted  in  f i g u r e  5 . 8 .  
Although a p r o p o r t i o n  o f  th e  MBP-IN d id  not b ind to  th e  
column, th e  m a j o r i t y  e l u t e d  in  t h e  second f r a c t i o n .
Timed c le a v a g e  t r i a l s  were conducted on an a l i q u o t  o f  
f r a c t i o n  2 ( f i g u r e  5 . 9 ) .  The d isa pp e ara nc e  o f  th e  MBP-IN 
over  t im e  i n d i c a t e s  t h a t  c le a v a g e  is  o c c u r r in g .  However,  
th e  c le a v ed  IN was d i f f i c u l t  to  v i s u a l i z e  on immunoblots.
The p o s s i b l i t y  e x i s t e d  t h a t  th e  IN was p r e c i p i t a t i n g  out o f  
s o l u t i o n  upon c le a v a g e .  In  an a t te m p t  t o  p u r i f y  even a 
small  amount o f  IN ,  th e  c le a v a g e  r e a c t i o n  m ix tu r e  was passed 
through th e  amylose column t o  remove th e  MBP. A p r e c i p i t a t e
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was observed c o l l e c t i n g  a t  th e  to p  o f  th e  column accompanied  
by a lo ss  o f  f lo w  r a t e .  A l though not c on f i rm ed  by SDS-PAGE 
a n a l y s i s ,  th e  c o n c lu s io n  was made t h a t  t h e  IN had indeed  
p r e c i  pi t a t e d .
An a t te m p t  was made t o  p u r i f y  th e  MBP-IN from th e  
d e g r a d a t io n  p ro d u c ts .  A f t e r  amylose column chromatography,  
f r a c t i o n s  2 and 3 were pooled and s e p a ra te d  by gel  
f i l t r a t i o n  on a Superdex column. F r a c t io n s  were c o l l e c t e d  
in  3 ml volumes and screened f o r  p r o t e i n s  by SDS-PAGE and 
im m u n o b lo t t in g . No p r o t e i n s  were v i s u a l i z e d  by e i t h e r  
method; gel f i l t r a t i o n  was thus  abandoned.
5 . 3 . 4  Large S c a le  P u r i f i c a t i o n  and Cleavage o f  MBP-IN
Large s c a le  p u r i f i c a t i o n  was done w i t h  some m o d i f i c a t i o n s  
from t h e  smal l s c a l e .  Reducing c o n d i t io n s  were m a in ta in e d  
d u r in g  column chromatography and f o l l o w i n g  c le a v a g e  o f  th e  
f u s io n  p r o t e i n ,  d e n a t u r a t io n  and r e n a t u r a t i o n  were done by 
th e  method o f  Jonsson and co -w o rk e rs  ( 1 9 9 3 ) .  A 10 cm3 
amylose column was p repared  and used t o  p u r i f y  MBP-IN from a 
100 ml c u l t u r e  o f  E. c o l i .  F r a c t io n s  were c o l l e c t e d  in  3 ml 
volumes and screened f o r  th e  presence o f  MBP-IN and MBP by 
SDS-PAGE and im m unoblo t t ing  ( f i g u r e s  5 .1 0  and 5 . 1 1 ) .  MBP was 
i d e n t i f i e d  in  f r a c t i o n s  3, 4 , and 5 and were pooled and 
s to r e d  a t  -2 0 °C  f o r  use as a c o n t r o l .  MBP-IN was i d e n t i f i e d  
in  f r a c t i o n s  3, 4, and 5, were poo led ,  t h e  p r o t e i n  
c o n c e n t r a t io n  d e te rm in e d ,  then  in c u b a te d  w i t h  F a c to r  Xa 
o v e r n i g h t .  A l i q u o t s  were taken  t o  d e te rm in e  s o l u b i l i t y
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l e v e l s  and t h e  remainder  s o l u b i l i z e d  in  urea to  a f i n a l  
c o n c e n t r a t io n  o f  4M. F o l lo w in g  in c u b a t io n  f o r  1 hour 
a l i q u o t s  were aga in  taken  to  check s o l u b i l i t y  and the  
rem ainder  d i a l y z e d  a g a in s t  d e c re a s in g  c o n c e n t r a t io n s  o f  urea  
in  a s t e p - w is e  manner in  th e  b u f f e r  d e s c r ib e d  by Jonsson e t  
a l . ( 1 9 9 3 ) .  Samples were then s t o r e d  a t  - 2 0 °C .  A l iq u o t s  
from t h e  v a r io u s  s tages o f  th e  d e n a t u r a t io n  and r e n a t u r a t i o n  
were a n a ly ze d  by SDS-PAGE and im m unoblo t t ing  ( f i g u r e  5 . 1 2 ) .  
The r e s u l t s  showed t h a t  th e  m a j o r i t y  o f  IN was p r e c i p i t a t e d  
f o l l o w i n g  c le a v a g e  but d id  r e t u r n  t o  s o l u t i o n  when denatured  
in  4M urea  (no p e l l e t  o f  i n s o l u b l e  m a t e r i a l  was observed  
when an a l i q u o t  o f  th e  4M urea s o l u t i o n  was c e n t r i f u g e d  a t  
1 3 ,0 0 0  rpm f o r  10 m in u te s ) .  F o l lo w in g  d i a l y s i s  
( r e n a t u r a t i o n )  th e  samples were c e n t r i f u g e d  a t  1 3 ,000  rpm 
and t h e  s o lu b le  and i n s o l u b l e  f r a c t i o n s  a n a ly ze d  by SDS- 
PAGE. A l l  th e  p r o t e i n s  were v i s i b l e  in  th e  i n s o l u b l e  
f r a c t i o n  on th e  SDS-PAGE gel and immunoblot,  i n d i c a t i n g  a l l  
o f  t h e  IN had p r e c i p i t a t e d .
5 . 3 . 5  Sequencing o f  pMIN
The IN coding re g io n  was c o m p le te ly  sequenced from th e  
coding s t ra n d  o f  pMIN. Two base changes were noted from th e  
p u b l is h e d  MoMLV IN sequence ( S h i n n i c k  e t  a l . ,  1 9 8 0 ) .  
N u c le o t id e  4630 was C in s te a d  o f  A r e s u l t i n g  in  an amino 
a c id  s u b s t i t u t i o n  o f  Ser f o r  T y r .  N u c le o t id e  5355 was A 
i n s t e a d  o f  G, an amino a c id  change from A la  t o  Asp. To 
d e te rm in e  th e  source o f  th e s e  p o i n t  m u ta t io n s ,  p lasm id  p IF
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was sequenced across th e s e  r e g io n s  (sense s t ra n d  o n l y ) .  The 
sequence o f  p IF  matched t h a t  o f  S h in n ic k ,  i n d i c a t i n g  t h a t  
th e s e  m u ta t io n s  arose  d u r in g  PCR a m p l i f i c a t i o n  o f  th e  IN 
coding re g io n  ( f i g u r e  5 . 1 3 ) .
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T a b le  5.  
piasmi d




I L i s t i n g  o f  th e  p u r i f i c a t i o n  o f  th e  i n s e r t  and 
in each o f  th e  l i g a t i o n  e x p e r im e n ts  per form ed.
I n s e r t
Pur i  f i  c a t i  on
PIasmi d 
Puri  f i  c a t i  on
PCR
di g e s t i  on 
Prepagene  
1 i g a t i  on
Plasmid from m in i -m ax i  prep  
di g e s t i  on 
Prepagene  
1 i g a t i  on
PCR
Phenol e x t r .  
Ethanol  p p t . 
CL6B column 
di g e s t i  on 
1 i g a t i  on
Same as E x p t . 1
PCR
Gene Clean I I  
d i g e s t i o n  
1 i g a t i  on
Plasmid  from CsCL maxi prep  
di g e s t i  on 
phenol e x t r .  
e th a n o l  p p t .
1 i g a t i  on
PCR
Gene Clean I I  
di g e s t i  on 
phenol e x t r .  
e th a n o l  p p t .
1 i g a t i  on
Same as E x p t .  3
F i g u r e  5 .1  PCR a m p l i f i c a t i o n  o f  IN fragment  from p IF  f o r  
c l o n i n g  i n t o  pMAL-c. PCR was performed as descr ibed  in  
s e c t i o n  5 . 2 . 2 . 1  us ing pr im ers  Eco and P s t 1 . O n e- tenth  o f  
t h e  r e a c t i o n  volume was ana lyzed on a 1% agarose gel and 
shows th e  expected  product  o f  1 .3  kb.
Lane 1 H i n d l l l  d ig e s te d  lambda s i z e markers
Lane 2 Complete r e a c t io n  m ix tu re
Lane 3 R ea c t io n  minus te m p la te
Lane 4 R ea c t io n  minus Eco pr im er
Lane 5 R ea c t io n  minus Pst1 p r im er
Lane 6 R ea c t io n  minus Taq DNA polymerase
Lane 7 H i n d l l l  d ig e s te d  lambda s i z e markers
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F i g u r e  5 . 2  PCR a m p l i f i c a t i o n  o f  IN fragment from p IF  f o r  
c l o n in g  i n t o  pMAL-c a v o id in g  b lu n t -e n d e d  l i g a t i o n .  PCR was 
done as d e s c r ib e d  in  s e c t io n  5 . 2 . 2 . 1  using pr im ers  Eag and
P s t 1 . O n e - te n th  o f  th e  r e a c t i o n  volume was ana lyzed  on a 1$
i
agarose  gel  and shows th e  expected  product  o f  1 .3  kb.
Lane 1 Complete r e a c t i o n  m ix tu r e
Lane 2 R e a c t io n  minus te m p la te
Lane 3 R e a c t io n  minus Eag p r im e r
Lane 4 R e a c t io n  minus Pst1 p r im e r
Lane 5 R e a c t io n  minus Taq DNA polymerase
Lane 6 P s t I  d i g e s te d  lambda s i z e  markers
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F ig u r e  5 . 3  SDS-PAGE and immunoblot o f  uninduced c e l l s  
e x p re s s in g  e i t h e r  pMAL-c or  pMIN. A. C oom assie -s ta ined ge 
o f  whole c e l l  l y s a t e  p r e p a r a t i o n s  taken up in  reduc ing  SDS- 
PAGE sample b u f f e r  and s e p a ra te d  on a 10% p o ly a c r y la m id e  I 
g e l .  B. Immunoblot o f  th e  same whole c e l l  ly s a t e  
p r e p a r a t i o n s  as in  A. The b l o t  was probed w i th  a 1 : 1 0 , 0 0 0  
d i l u t i o n  o f  ant i -M B P a n t i - s e r u m .  Goat a n t i - r a b b i t  IgG 
a l k a l i n e  phosphatase was a 1 :5000  d i l u t i o n .  V i s u a l i z a t i o n  
was w i t h  NBT/BCIP.
In  A and B
Lane 1 TB1 t ra n s fo rm e d  w i th  pMAL-c 
Lane 2 TB1 t ra n s fo rm e d  w i th  pMIN c lo n e  1-2
Lane 3 TB1 t ra n s fo rm e d  w i t h  pMIN c lo n e  1 -4
Lane 4 TB1 t ra n s fo rm e d  w i th  pMIN c lo n e  5 -4
Lane 5 TB1 t ra n s fo rm e d  w i t h  pMIN c lo n e  10-3
M o le c u la r  w e ig h t  s ta n d a rd s  a r e  in  kDa.










F ig u r e  5 . 4  Immunoblot o f  induced c e l l s  express ing  e i t h e r  
pMAL-c or  pMIN (c lo n e  1 - 2 ) .  Whole c e l l  l y s a t e  was 
resuspended in  reduc ing  SDS-PAGE sample b u f f e r  and separates  
on a 10% p o ly a c r y la m id e  g e l .  Im m unoblott ing was w i th  a
1 :400  d i l u t i o n  a n t i -K K 2 8  a n t i - s e r u m .  Goat a n t i - r a b b i t  IgG |
$
a l k a l i n e  phosphatase was a 1 : 1 0 , 0 0 0  d i l u t i o n .  Vi sual i z a t  i o^  
was w i t h  NBT/BCIP. I
Lane 1 TB1 t r a n s fo rm e d  w i t h  pMIN c lo n e  1-2  
Lane 2 TB1 t r a n s fo rm e d  w i th  pMAL-c 
Lane 3 M o le c u la r  w e ig h t  s ta n d a rd s  (kDa)







F ig u r e  5 . 5  C a l i b r a t i o n  curve  o f  th e  m o lecu lar  w e ig h t  o f  MBP 
IN expressed in  TB1, A-K a re  th e  major  products  i d e n t i f i e d  

















Oval  bumi n
C a r b o n i c  A n h y d ra s e
Soybean T r y p s i n  I n h i b i t o r '
Lysozyme
15.00 20.00 25.00 30.00 35.00
Distance migrated (mm)
40.00 45.00 50.00
F ig u r e  5 . 6  Growth curve  o f  TB1 t ra n s fo rm e d  w i th  e i t h e r  pMAL 
c or  pMIN and comparing pMIN induced and uninduced.  
S a t u r a t e d  c u l t u r e s  were used to  i n o c u l a t e  f re s h  c u l t u r e  
media. Growth was m onitored  b y  O D 5 5 0 .  In d u c t io n  was w i th  











of pMAL and pMIN
induction
Time (hours)
- * * -  pMIN uninduced pMIN induced
F ig u r e  5 . 7  The e f f e c t  o f  d i f f e r e n t  s o n ic a t io n  b u f f e r s  on th  
q u a n t i t y  o f  s o lu b le  IN .  TB1 t ran s fo rm ed  w i th  pMAL-c or  pMIT 
were grown and induced as de s c r ib e d  in  s e c t io n  2 . 2 . 2 2  and 
th e  c e l l  d e b r is  p e l l e t e d  by c e n t r i f u g a t i o n  a t  13 ,000  rpm. 
Basic  b u f f e r  i s  50 mM T r i s - C l ,  10 mM DTT, 1 mM DTPA; pH 7 .5  
Basic  p lu s  NaCl i s  Basic b u f f e r  p lus 0 .2  M NaCl. L y t i c  i
I
b u f f e r  i s  10 mM NaPC>4 , 30 mM NaCl, 0.25% ( v / v )  Tween-20, 10  ^
mM p - m e r c a p to e th a n o l , 10 mM EDTA, 10 mM EGTA; pH 7 . 0 .  j
Samples were resuspended in  reduc ing  SDS-PAGE sample b u f f e r j  
s e p a ra te d  on a 10% p o ly a c r y la m id e  g e l .  Im m unoblo tt ing  was 
w i t h  a 1 :100  d i l u t i o n  a n t i -K K 2 8  a n t i - s e r u m .  Goat a n t i ­
r a b b i t  IgG a l k a l i n e  phosphatase was used a t  a 1 :5000  
d i l u t i o n .  V i s u a l i z a t i o n  was w i th  NBT/BCIP.
Lane 1 M o le c u la r  weight  s tandards  (kDa)
Lane 2 L y t i  c pMIN s o lu b le
Lane 3 L y t i  c pMAL s o lu b le
Lane 4 Basi c pi us NaCl pMIN s o lu b le
Lane 4 Basi c pi us NaCl pMAL s o lu b le
Lane 5 Basi c pMIN s o lu b le
Lane 6 Basi c pMAL s o lu b le
Lane 7 Lyt  i c pMIN i n s o lu b le
Lane 8 Lyt i c pMAL i n s o lu b le
Lane 9 Basi c pi us NaCl pMIN i n s o l u b l e
Lane 10 Basi c p lus NaCl pMAL i n s o l u b l e
Lane 11 Basi c pMIN i n s o lu b le





F ig u r e  5 . 8  SDS-PAGE and immunoblot o f  1 cm3 amylose column 
p u r i f i c a t i o n .  Samples o f  TB1 transformed w i th  pMIN were j 
s o n ic a te d  and p u r i f i e d  on the  amylose column as d e s c r ib e d  ij 
s e c t i o n  5 . 2 . 2 . 2  w i t h  f r a c t i o n s  c o l l e c t e d  as 1 ml volumes;  
e l u t i o n  was w i t h  100 mM m altose .  A l iq u o t s  o f  the  f r a c t i o n s  
were resuspended in  reducing SDS-PAGE sample b u f f e r  and 
s e p a ra te d  on a 10% p o ly a c ry la m id e  g e l .  A. Coomassie-  
s t a in e d  g e l .  B. Immunoblot w i th  a 1:100 d i l u t i o n  a n t i -K K 2  
a n t i - s e r u m .  Goat a n t i - r a b b i t  IgG a l k a l i n e  phosphatase was 
used a t  a 1 : 1 0 , 0 0 0  d i l u t i o n .  V i s u a l i z a t i o n  was w i t h  
NBT/BCIP. The arrow i n d i c a t e s  th e  p o s i t io n  o f  MBP-IN.
In  A and B 
Lane 1 Void volume  
Lane 2 Wash f lo w  through  
Lane 3 E l u t i o n  f r a c t i o n  1 
Lane 4 E l u t i o n  f r a c t i o n  2 
Lane 5 E l u t i o n  f r a c t i o n  3 
Lane 6 E l u t i o n  f r a c t i o n  4 
Lane 7 E l u t i o n  f r a c t i o n  5
M o le c u la r  w e ig h t  s tandards  a re  in  kDa.







F ig u r e  5 . 9  Immunoblot o f  F a c to r  Xa c leavag e  t r i a l .  Cleavage 
was done as d e s c r ib e d  in  s e c t io n  5 . 2 . 2 . 3  w i th  an a l i q u o t  o f  
e l u t i o n  f r a c t i o n  2 ( f i g u r e  5 . 8  la ne  4 ) .  A l iq u o t s  were taker  
a t  2 , 4, 8 , and 24 hours,  resuspended in  reducing  SDS-PAGE 
sample b u f f e r  and s e p a ra te d  on a 10% g e l .  Im m unoblo tt ing  J 
was w i t h  a 1 :1 00  d i l u t i o n  o f  a n t i -K K 2 8  a n t i - s e r u m  and a 
1 : 1 0 , 0 0 0  d i l u t i o n  o f  goat  a n t i - r a b b i t  IgG a l k a l i n e  
phosphatase .  V i s u a l i z a t i o n  was w i th  NBT/BCIP.
Lane 1 E l u t i o n  f r a c t i o n  2 
Lane 2 2 hour c le a v ag e  
Lane 3 4 hour c le a v ag e  
Lane 4 8 hour c le a v ag e  
Lane 5 24 hour c le a v ag e
M o le c u la r  w e ig h t  s tandards  a re  in  kDa.
The open ar row  i n d i c a t e s  th e  p o s i t i o n  o f  MBP-IN, t h e  c lo s e d  





F ig u r e  5 . 1 0  SDS-PAGE and immunoblot o f  MBP p u r i f i c a t i o n .  
TB1 t ra n s fo rm e d  w i t h  pMAL-c was grown, sonica ted  and i
p u r i f i e d  on th e  10 cm3 amylose column. E lu t io n  was w i t h  10 
mM m a lto s e  and 3 ml f r a c t i o n s  were c o l l e c t e d .  A l i q u o t s  wer 
resuspended in  reduc ing  SDS-PAGE sample b u f f e r  and separa te  
on a 10% p o ly a c r y la m id e  g e l .  A. Coomassie-s ta ined g e l .  E 
Immunoblot w i t h  a 1 :1 0 ,0 0 0  d i l u t i o n  anti-MBP a n t i - s e r u m  anc 
a 1 : 1 0 , 0 0 0  d i l u t i o n  goat a n t i - r a b b i t  IgG a l k a l k i n e  
phosphatase .  V i s u a l i z a t i o n  was w i t h  NBT/BCIP.
In  A and B
Lane 1 Void  volume
Lane 2 wash f lo w  through
Lane 3 E l u t i  on f r a c t i  on 1
Lane 4 E l u t i  on f r a c t i  on 2
Lane 5 E l u t i  on f r a c t i  on 3
Lane 6 E l u t i  on f r a c t i  on 4
Lane 7 E l u t i  on f r a c t i  on 5
Lane 8 E l u t i  on f r a c t i  on 6
Lane 9 E l u t i  on f r a c t i  on 7
Lane 10 El u t i  on f r a c t i  on 8







F ig u r e  5 .11  SDS-PAGE and immunoblot o f  MBP-IN p u r i f i c a t i o n  
TB1 t r a n s fo rm e d  w i th  pMIN was grown, s o n ic a te d  and p u r i f i e d  
on th e  10 cm3 amylose column. E lu t io n  was w i th  10 mM 
m altose  and 3 ml f r a c t i o n s  were c o l l e c t e d .  A l i q u o t s  were  
resuspended in  reduc ing  SDS-PAGE sample b u f f e r  and separate t  
on a 10% p o ly a c r y la m id e  g e l .  A. Coom ass ie -s ta ined  g e l .  B 
Immunoblot w i th  a 1 :100  d i l u t i o n  a n t i -K K 28  a n t i - s e r u m  and a 
1 : 1 0 , 0 0 0  d i l u t i o n  goat a n t i - r a b b i t  IgG a l k a l k i n e  
phosphatase .  V i s u a l i z a t i o n  was w i th  NBT/BCIP.
In  A and B
Lane 1 Voi d volume
Lane 2 wash f lo w  through
Lane 3 E l u t i on f r a c t i o n  1
Lane 4 E l u t i on f r a c t i o n  2
Lane 5 E l u t i on f r a c t i o n  3
Lane 6 E l u t i on f r a c t i o n  4
Lane 7 E l u t i on f r a c t i o n  5
Lane 8 E l u t i on f r a c t i o n  6
Lane 9 E l u t i on f r a c t i o n  7
Lane 10 E l u t i  on f r a c t i  on
Lane 11 M o le c u la r  w e ig h t
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F ig u r e  5 . 1 2  Immunoblot o f  MBP-IN c leavag e  w i th  F a c to r  Xa,  
s o l u b i l i z a t i o n  in  4M u re a ,  and f o l l o w i n g  d i a l y s i s  as 
d e s c r ib e d  in  s e c t io n  5 . 2 . 2 . 4 .  Samples were resuspended in  
re duc ing  SDS-PAGE sample b u f f e r  and s epara ted  on a 10% 
p o ly a c r y la m id e  g e l .  Im m unoblo t t ing  was w i th  a 1 :100  
d i l u t i o n  a n t i -K K 2 8  a n t i - s e r u m .  Goat a n t i - r a b b i t  IgG 
a l k a l i n e  phosphatase was a 1 : 1 0 , 0 0 0  d i l u t i o n .  V i s u a l i z a t i o  
was w i t h  NBT/BCIP.
Lane 1 E l u t i o n  f r a c t i o n  4 !
]
Lane 2 S o lu b le  f r a c t i o n  a f t e r  c le a v ag e  
Lane 3 S o lu b le  f r a c t i o n  in  4M urea  
Lane 4 I n s o l u b l e  f r a c t i o n  a f t e r  d i a l y s i s  
Lane 5 S o lu b le  f r a c t i o n  a f t e r  d i a l y s i s







F ig u r e  5 .1 3  DNA sequence i l l u s t r a t i n g  th e  m uta t ion s  d u r in g  
PCR a m p l i f i c a t i o n  o f  th e  IN coding r e g io n .  Sequencing was 
done by th e  d ideoxy  c h a i n - t e r m i n a t i o n  method ( s e c t i o n  
2 . 2 . 1 8 ) .
A. Resi dues 4 6 19 -4640 from
B. Resi dues 4619 -4 6 40 from
C. Resi dues 5347 -5362 from
D. Resi dues 5347 -5362 from
p IF  using Bam2 as p r im e r  
pMIN us ing MalE as p r im e r  
p IF  using P5250 as p r im e r  
pMIN using P5250 as p r im e r





5 . 4 . 1  Express ion and P u r i f i c a t i o n  o f  MBP-IN
V e c to r  pMIN was s u c c e s s f u l l y  c o n s t r u c te d  by a v o id in g  th e  
b lu n t -e n d e d  l i g a t i o n  and t r a n s f o r m a t i o n  i n t o  a non­
e x p res s io n  s t r a i n  o f  E. c o l i . Why th e  b lu n t -e n d e d  l i g a t i o n  
c o n s i s t e n t l y  produced t r u n c a t e d  v e c t o r s  i s  unknown; l e t h a l  
e x p res s io n  was r u le d  o u t ,  but re co m b in a t io n  remains a 
p o s s i b i l i t y .  One l a t e  d is c o v e r y  can e x p l a i n  some o f  th e  
d i f f i c u l t y .  0 1 igo  P s t 1 , designed to  c r e a t e  a P s t I  s i t e ,  was 
s y n th e s iz e d  w i t h  two i n c o r r e c t  bases, r e s u l t i n g  in  th e  lo ss  
o f  t h e  P s t I  s i t e .  A lthough t h i s  e x p la in s  why the  
c o n s t r u c t io n  o f  pMIN proved d i f f i c u l t ,  i t  does not e x p la in  
th e  t r u n c a t i o n  o f  th e  v e c t o r .  Sequencing across  t h i s  re g io n  
re v e a le d  th e  sequence expected  i f  th e  P s t I  s i t e  were i n t a c t .  
Sequencing th e  rem ainder  o f  pMIN r e v e a le d  two n u c l e o t id e  
m u ta t io n s  t h a t  occured d u r in g  PCR a m p l i f i c a t i o n .  Taq DNA 
polymerase has an e r r o r  r a t e  o f  2 x 10-4 m u ta t io n s  per  base 
d u p l i c a t i o n  ( T i n d a l l  and K u n k e l , 1988; Keohavong and T h i l l y ,  
1 9 8 9 ) .  At n u c l e o t i d e  4630 a p u r in e  t o  p y r im id i n e  
s u b s t i t u t i o n  and a t  5355 a p u r in e  t o  p u r in e  s u b s t i t u t i o n .
The r e s u l t i n g  amino a c id  change a t  re s id u e  7 o f  IN ,  Tyr  to  
S e r ,  a n o n -c o n s e r v a t iv e  m u ta t io n  may a f f e c t  IN f u n c t i o n .  A 
f o u r  amino a c id  i n s e r t i o n  between r e s id u e s  11 and 12 o f  
MoMLV IN was unab le  to  form an i n t e g r a t e d  p r o v i r u s  in  v i v o  
(Donehower, 1988) w h i l e  d e l e t i o n s  o f  th e  N - te rm in u s  o f  H IV -  
1 IN ( - 1 6  or  - 3 8  r e s id u e s )  were i n a c t i v e  in  3 1 p rocess ing
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and s t ra n d  t r a n s f e r  assays i n  v i t r o  (Schauer and B i l l i c h ,  
1 9 9 2 ) .  The amino a c id  change a t  re s id u e  249,  A la  t o  Asn, 
a ls o  a n o n -c o n s e r v a t iv e  m u ta t io n ,  may a ls o  a f f e c t  IN 
f u n c t i o n .  A l though t h i s  m u ta t io n  i s  not lo c a te d  in  th e  
c e n t r a l  D, D (35 )E  r e g io n ,  im p o r ta n t  f o r  a l l  IN a c t i v i t e s  in 
v i t r o , i t  i s  o n ly  29 amino a c id  r e s id u e s  from t h i s  r e g io n .  
One c h a r a c t e r i z e d  mutant in  t h i s  same r e g io n ,  a t h r e e  amino 
a c id  i n s e r t i o n  a t  p o s i t i o n  239,  was unable  t o  form an 
i n t e g r a t e d  p r o v i r u s  i n v i v o  (Donehower, 1 9 8 8 ) .
U n f o r t u n a t e l y ,  t h e  l a t e  d is c o v e r y  o f  th e s e  m uta t io n s  d id  not  
a l l o w  s u f f i c i e n t  t im e  f o r  th e  v e c t o r  to  be c o n s t r u c te d  
agai n .
MBP-IN was expressed t o  high l e v e l s  and p u r i f i e d  to  
near  homogeneity. F o l lo w in g  c le a v a g e  w i t h  F a c to r  Xa, th e  
e v id e n c e  suggested t h a t  IN p r e c i p i t a t e d  out  o f  s o l u t i o n .
T h is  a ls o  suggests t h a t  IN was not  p r o p e r l y  fo ld e d  d e s p i t e  
be in g  s o lu b le  as a fu s io n  p r o t e i n .  Based upon t h i s  
o b s e r v a t i o n ,  t o g e t h e r  w i t h  t h e  r e f o l d i n g  c o n s id e r a t io n s  
l i s t e d  in  C hapter  4 and th e  suc c es s fu l  r e n a t u r a t i o n  o f  MoMLV 
IN r e p o r te d  by Jonsson e t  a l  ( 1 9 9 3 ) ,  a l a r g e  s c a le  
p u r i f i c a t i o n  was undertaken w i t h  d e n a t u r a t io n  and r e f o l d i n g  
in  th e  c o n d i t io n s  o u t l i n e d  by Jonsson and c o -w o rk e rs .  
U n f o r t u n a t e l y ,  t h i s  approach a ls o  met w i t h  f a i l u r e ,  aga in  
s ugg es t in g  t h a t  IN was not p r o p e r l y  f o ld e d  as p a r t  o f  th e  
f u s io n  p r o t e i n ,  nor a b le  to  r e f o l d  p r o p e r l y  f o l l o w i n g  
c le a v a g e .  The reasons f o r  I N ' s  f a i l u r e  t o  f o l d  a re  
discussed in  d e t a i l  in  Chapter  4.
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5 . 4 . 2  D eg rad at ion  Products
Both ex pres s io n  systems de s c r ibe d  produced d e g r a d a t io n  
p ro d u c ts .  Four major products  were i d e n t i f i e d  from t h e  p IF  
system and te n  products  from pMIN. D e g ra d a t io n  p roducts  a re  
t h e  r e s u l t s  o f  t h r e e  processes:  i )  i n t e r n a l  i n i t i a t i o n ,  i i )  
prem atu re  t e r m i n a t i o n  o f  t r a n s c r i p t i o n  o r  t r a n s l a t i o n ,  and 
i i i )  p r o t e o l y t i c  d e g ra d a t io n .  Others  have r e p o r te d  
d e g r a d a t io n  products  in  th e  E. c o l i  e x p re s s io n  o f  IN :  HIV-1  
( V in c e n t  e t  a 7 . ,  1 9 9 3 ) ,  HIV-1 expressed as an MBP-IN fu s io n  
( V in k  e t  a 7 . ,  1 9 9 3 ) ,  i n t e r n a l  i n i t i a t i o n  p rod ucts  f o r  MoMLV 
( H i z i  and Hughes, 1988; Krogstad and Champoux, 1990) HIV-1  
( H i z i  and Hughes, 1988; Zervos e t  a l . ,  1990)  and RSV (Mumm 
e t  a 7 . ,  1 9 9 2 ) .  The a n t i - s e r a  d e s c r ib e d  in  Chapter  3 a ided  
in  t h e  i d e n t i f i c a t i o n  o f  th e  d e g ra d a t io n  p rod u c ts  produced  
f rom p I F .  A 42 kD product  i s  reco gn ized  by both a n t i -K K 2 8  
and a n t i -K K 3 3 4  (see f i g u r e  3 . 7  A and B) and corresponds t o  
t h e  i n t e r n a l  i n i t i a t i o n  product  re p o r te d  by Krogstad and 
Champoux ( 1 9 9 0 ) .  The o th e r  d e g ra d a t io n  p rod ucts  i d e n t i f i e d  
in  f i g u r e  3 . 7  a re  o n ly  recognized  by a n t i - K K 2 8  i n d i c a t i n g  
t h a t  th e  C - t e r m in a l  p o r t i o n  o f  th e  p r o t e i n  i s  m is s ing .  
U n f o r t u n a t e l y  s i m i l a r  a n a ly s is  f o r  th e  pMIN p rod ucts  was 
unsuccessfu l  as a n t i -K K 33 4  d id  not re c o g n iz e  MBP-IN; t h i s  
may be a n o th e r  i n d i c a t i o n  t h a t  MBP-IN was not  p r o p e r ly  
f o l d e d .
Recombinant p r o t e i n  express ion  can v a ry  in  d i f f e r e n t  
b a c t e r i a l  s t r a i n s  (Schoemaker e t  a l . ,  1 9 8 5 ) .  Two d i f f e r e n t  
s t r a i n s  were i n v e s t i g a t e d  in  t h i s  s tudy:  BL21, in  a d d i t i o n
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to  produc ing  s o l u b l e ,  a c t i v e  HIV-1 IN ,  i s  a lorr  s t r a i n ,  
d e f i c i e n t  in  th e  La p r o te a s e  ( G o f f  and Goldberg ,  1985)  and 
CAG629, a htpR-  s t r a i n .  The gene prod uct  o f  t h i s  locus i s  
in v o lv e d  in  r e g u l a t i o n  o f  th e  heat  shock response and a ls o  
d e f e c t i v e  in  p r o t e o l y s i s  (Baker  e t  a l . ,  1 9 8 4 ) .  A lthough  
both expressed IN a t  low l e v e l s ,  CAG629 and BL21 seemed to  
produce fewer  d e g r a d a t io n  p ro d u c ts .  D eg ra d a t io n  was a ls o  
l i m i t e d  in  uninduced c e l l s  from pMIN (compare f i g u r e  5 . 3  and 
5 . 4 ) .  I t  would have been v a l u a b l e  t o  compare by 
im m unoblo tt ing  induced and uninduced c e l l s  f o r  th e  p IF  
e x p re s s io n  system t o  d e te rm in e  i f  d e g r a d a t io n  was reduced.  
Although d e g r a d a t io n  was reduced in  p r o t e a s e - d e f i c i e n t  
s t r a i n s  and in  th e  pMIN uninduced c e l l ,  th e  q u e s t io n  remains  
i f  t h i s  was t r u l y  decreased d e g r a d a t io n  or  l a c k  o f  
v i s u a l i z a t i o n  o f  d e g r a d a t io n  p rod ucts  due to  th e  lower  
e x p re s s io n  l e v e l s .  Another  u n re s o lv e d  q u e s t io n  i s  i f  any o f  
th e  s m a l le r  p roducts  a r e  due to  prem ature  t e r m i n a t i o n  o f  
t r a n s c r i p t i o n  or  t r a n s l a t i o n  caused by secondary s t r u c t u r e  
fo r m a t io n  or  r a r e  codons. In  comparing th e  d e g ra d a t io n  
p rod ucts  o f  both e x p re s s io n  systems, o n ly  two a re  in  th e  
same m o le c u la r  w e ig h t  range ( 2 6 . 0  from pMIN and 2 5 .7  from  
p IF ;  2 9 .0  from pMIN and 2 9 .7  from p I F ) .  A ls o ,  an a n a l y s i s  
o f  mRNA secondary s t r u c t u r e  r e v e a ls  no obvious s t r u c t u r e s  
t h a t  could  account f o r  p r o t e i n s  o f  th e s e  s i z e s  and s in c e ,  
t h e  l e v e l  o f  d e g r a d a t io n  seems to  be s t r a i n  dependent,  i t  
seems l i k e l y  t h a t  th e s e  s m a l le r  p roducts  a re  due to  
p r o t e o l y t i c  d e g r a d a t io n .
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C hapter  6
T h is  c h a p te r  d e s c r ib e s  th e  e f f o r t s  made to  dem onstra te  
recombinant IN a c t i v i t y  and th e  development o f  a k i n e t i c  
assay t o  measure 3 1 p r o c e s s in g .
6 .1  I n t r o d u c t i  on
S e v e ra l  methods can be employed to  dem onstra te  IN a c t i v i t i e s  
i n v i t r o .  DNA b in d in g  can be dem onstra ted  by gel m o b i l i t y  
s h i f t i n g  (Basu and Varraus, 1990)  o r  Southwestern b l o t t i n g  
(Roth e t  a l . ,  1 9 8 8 ) .  Endonuclease a c t i v i t y  can be measured 
in  a s u p e r c o i l e d  p lasm id  n i c k i n g  assay (Sherman and F y fe ,  
1990; M a r c z i n o v i t z  e t  a l . ,  1 9 9 2 ) .  I n t e g r a t i o n  assays a re  
e i t h e r  g e n e t ic  or  p h y s i c a l .  The g e n e t ic  assay i s  based upon 
g e n e t i c  s e l e c t i o n  in  E. c o l i  us ing  b a c te r io p h a g e  lambda 
gtWES (Brown e t  a l . ,  1 9 8 7 ) .  The p h y s ic a l  assay i s  based on 
r a d i o - l a b e l l e d  dup lex  o l i g o n u c l e o t i d e s  t h a t  match th e  LTR 
ends. F o l lo w in g  in c u b a t io n  w i t h  IN th e  o l i g o  i s  a n a ly ze d  on 
an a c ry la m id e  gel which d e t e c t s  3'  p ro c e s s in g  and the  
p rod ucts  o f  s t ra n d  t r a n s f e r  as th e  o l i g o  s u b s t r a t e  can a ls o  
s e rv e  as th e  t a r g e t  DNA ( C r a i g i e  e t  a l . ,  1 9 9 0 ) .
Few k i n e t i c  assays have been deve lop ed .  A l though th e  
o l i g o n u c l e o t i d e  a u t o i n t e g r a t i o n  assay can be q u a n t i f i e d  by 
d e n s i t o m e t r i c  scanning ,  th e  k i n e t i c s  a re  c o m p l ic a te d  as i t  
i s  measuring both 3 ! p ro c e s s in g  and s t r a n d  t r a n s f e r .  One 
assay,  deve loped by B i l l i c h  e t  a l . ( 1 9 9 2 ) ,  measured the  
k i n e t i c s  o f  3 '  p ro c e s s in g  by r a d i o - l a b e l l i n g  the
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d i n u c l e o t i d e  c le a v e d  in  3 1 p ro c e s s in g  and f o l l o w i n g  
in c u b a t io n  w i t h  HIV-1 IN ,  bound t h e  o l i g o  s u b s t r a t e  t o  DEAE 
c e l l u l o s e ,  washed th e  r a d i o l a b e l l e d  d i n u c l e o t i d e  th ro u g h ,  
then  measured t h e  decrease  in  r a d i o a c t i v i t y . V e l o c i t y  was 
l i n e a r l y  p r o p o r t i o n a l  t o  enzyme c o n c e n t r a t i o n .  I n t e g r a t i o n  
a c t i v i t y  o f  HIV-1 has been q u a n t i f i e d  by measuring a r a d i o -  
l a b e l l e d  LTR s u b s t r a t e  i n t e g r a t e d  i n t o  p lasm id  DNA (C a r te a u  
e t  a 7 . ,  1 9 9 3 ) .  By i s o l a t i n g  t h e  p lasm id  DNA, s e p a r a t in g  on 
agarose  g e ls ,  and d e n s i t o m e t r i c  a n a l y s i s ,  v e l o c i t y  was shown 
t o  be l i n e a r l y  p r o p o r t i o n a l  t o  enzyme c o n c e n t r a t i o n ,  but  
a ls o  showed s u b s t r a t e  i n h i b i t i o n .
The k i n e t i c  assay deve loped f o r  t h i s  p r o j e c t  i s  based 
in  p a r t  on an assay d e s c r ib e d  by C r a i g i e  and co -w o rk e rs  
( 1 9 9 1 )  in  which b i o t i n - c o u p l e d ,  r a d i o - l a b e l l e d  
o l i g o n u c l e o t i d e s  a r e  r e a c te d  w i t h  IN ,  then  bound t o  a v i d i n -  
coated  m i c r o t i t r e  p l a t e s .  A u to ra d io g ra p h y  o f  t h e  p l a t e s  
d e t e c t s  p roducts  o f  s t ra n d  t r a n s f e r .  In  c o l l a b o r a t i o n  w i th  
Amersham I n t e r n a t i o n a l ,  a c on t inuou s  d i r e c t  k i n e t i c  assay to  
measure 3 ' ;  p ro c e s s in g  was deve loped:  t h e  S c i n t i l l a t i o n  
P r o x im i t y  Assay (SPA). The assay makes use o f  m ic r o n -s iz e d  
beads impregnated w i th  l i q u i d  s c i n t i l l a n t  m olecu les  and 
coated  w i th  s t r e p t a v i d i n . B i o t i n y l a t e d  o l i g o n u c l e o t i d e s  
w i t h  th e  two t e r m i n a l  th y m id in e s  t r i t i a t e d  ( i . e .  th e  
d i n u c l e o t i d e  t o  be c le a v e d )  a r e  re a c te d  w i t h  IN and th e  
decrease  in  counts measured ( f i g u r e  6 . 1 ) .  T h e o r e t i c a l l y ,  
th e  assay could  a ls o  be deve loped t o  measure th e  k i n e t i c s  o f  
s t ra n d  t r a n s f e r  and d i s i n t e g r a t i o n .
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s t r e p a v i d i n  coated 
bead f i l l e d  
w i t h  I iqui  d 
sc i n t i  I I an t
CAGGTGGGGTCTTTCATT 3 ' 
GTCCACCCCAGAAAGTAA 5'
F i g u r e  6 . 1  S c h e m a t i c  i l l u s t r a t i o n  o f  SPA. The  bead i s  
i m p r e g n a t e d  w i t h  l i q u i d  s c i n t i l l a n t  m o l e c u l e s  and c o a t e d  
w i t h  s t r e p t a v i d i n . The o l i g o n u c l e o t i d e  i s  b i o t i n y l a t e d  and  
t h e  t wo  t e r m i n a l  n u c l e o t i d e s  a r e  t r i t i a t e d  ( ma rk e d  by f i l l e d  
c i r c l e s ) .  The p r i n c i p l e  o f  SPA r e l i e s  on t h e  f a c t  t h a t  t h e  
e n e r g y  f r om weak 3 - e m i t t e r s  ( s u c h  as 3 H) w i l l  be d i s s i p a t e d  
i n t o  t h e  aqueous  medium u n l e s s  t h e  r a d i o a c t i v e  m o l e c u l e  i s  
bound d i r e c t l y  o r  i n d i r e c t l y  t o  t h e  b e a d .  T h i s  can t h e n  
s t i m u l a t e  t h e  s c i n t i l l a n t  t o  e m i t  l i g h t .  O t h e r w i s e ,  no 
s i g n a l  i s  g e n e r a t e d .  When r e a c t e d  w i t h  I N ,  I N  w i l l  c l e a v e  
t h e  t h y m i d i n e s ,  and a d e c r e a s e  i n  r a d i o a c t i v i t y  w i l l  be 
m e a s u r e d .
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6.2 Materials and Methods
6 . 2 . 1  M a t e r i a l s
Klenow polymerase and dNTPs were from Pharmacia. [a 3 2 P]ATP 
was from NEN Dupont. Exonuclease I I I  was from B o e rh ing er  
Mannheim. B i o t i n y l a t e d , t r i t i a t e d  o l i g o s  and s t r e p t a v i d i n -  
coated  s c i n t i l l a t i o n  beads were a g i f t  from Amersham, 
C a r d i f f ,  U.K.
6 . 2 . 2  Methods
6 . 2 . 2 . 1  Southwestern  B l o t t i n g
Southwestern  B l o t t i n g  was c a r r i e d  out  by th e  method o f  Roth 
e t  a 7. ( 1 9 8 8 ) .  F o l lo w in g  p r o t e i n  s e p a r a t io n  by SDS-PAGE and 
t r a n s f e r  to  n i t r o c e l l u l o s e ,  th e  f i l t e r  was b locked in  e i t h e r  
B lo c k in g  b u f f e r  [0 .02% ( w / v )  BSA ( b o i l e d  10 m in u te s ) ,  30 mM 
Hepes] o r  B l o t t o  [5 .0%  (w / v )  Marvel  n o n - f a t  d ry  m i l k ,  0 .02%  
(w / v )  sodium a z id e  in  PBST] f o r  1 hour a t  room te m p e r a tu r e .  
The f i l t e r  was washed in  B u f f e r  A (50  mM T r i s - C l ,  pH 8 . 3 ,  50 
mM DTT, 1 mM EDTA, 8 M g u a n id in e  HC1) f o r  1 hour a t  room 
te m p e r a tu r e ,  fo l lo w e d  by washing w i t h  d i l u t i o n  b u f f e r  (50  mM 
T r i s - C l ,  pH 7 . 5 ,  2 mM EDTA, 2 mM DTT, 0 . 5  M N a C l , 0.1%  
N onide t  P40, 10 % g l y c e r o l )  f o r  1 hour a t  room te m p e ra tu r e ;  
a f t e r  a change o f  th e  d i l u t i o n  b u f f e r  th e  f i l t e r  was s to r e d  
a t  4°C f o r  a minimum o f  24 hours (maximum 3 d a y s ) .
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R a d i o - l a b e l l e d  DNA was p re p a red  using e i t h e r  ca .  300 ng 
genomic r a t  DNA or  salmon t e s t i s  DNA t h a t  had been denatured  
by b o i l i n g  f o r  5 minutes and quenched on i c e .  In  a t o t a l
volume o f  20 p i ,  th e  d ena tured  DNA was r e a c te d  w i th  2 5 -4 0  OD
u n i t s  o f  random 14-mers ,  50 pCi [a 3 2 P]ATP, 5 u n i t s  Klenow 
polymerase,  0 . 5  M T r i s - C l  (pH 7 . 6 ) ,  0 .1  M MgS04, 1 mM DTT, 6 
mM dGTP, dCTP and dTTP f o r  1 hour a t  room te m p e ra tu r e .  The 
DNA m ix tu r e  was passed through a Sepharose CL6B column to  
remove u n in c o rp o ra te d  l a b e l .  The l a b e l l e d  DNA was added to  
2 . 0  ml B u f f e r  B (30 mM HEPES, pH 7 . 5 ,  50 mM N a C l , 5 mM 
MgCl2 , 2 mM d i t h i o t h r e i t o ! ) and a l lo w e d  to  h y b r i d i z e  t o  th e  
n i t r o c e l l u l o s e  f i l t e r  o v e r n i g h t .  The f i l t e r  was washed in  
B u f f e r  B u n t i l  no more counts  were e l u t e d  in  th e  wash 
s o l u t i o n .  V i s u a l i z a t i o n  was by a u to r a d io g r a p h y .
6 . 2 . 2 . 2  S u p e r c o i le d  Plasmid N ic k in g  Assay
A p p ro x im a te ly  1 pg p lasm id  DNA was in c u b a te d  w i th  1 pg t o t a l  
p r o t e i n  in  85 mM KC1, 20 mM MOPS (pH 7 . 2 ) ,  6 . 6  mM MnCl2 , 10
mM DTT, 5% (w /v )  BSA, a t  37°C f o r  1 hour in  a t o t a l  volume
o f  10 p i .  The r e a c t i o n  was stopped w i th  th e  a d d i t i o n  o f  1 
pi 0 . 5  M EDTA (pH 8 . 0 ) .  The DNA was a n a ly ze d  on 1% agarose  
g e ls  and v i s u a l i z e d  by e th id iu m  bromide s t a i n i n g .
6 . 2 . 2 . 3  S c i n t i l l a t i o n  P r o x im i t y  Assay (SPA)
O l ig o n u c le o t i d e s  corresponded t o  th e  MoMLV LTR w i th  th e  
sequence as f o l l o w s :  5 1-biotin-CAGGTGGGGTCTTTCATT-3' .  The
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two 3 ’ th y m id in e s  were t r i t i a t e d .  T h is  b i o t i n y l a t e d  o l i g o  
was annealed to  an excess o f  t h e  complementary o l i g o  3 1-  
GTCCACCCCAGAAAGTAA-5! . R ea c t io n s  were c a r r i e d  out  in  
Eppendorf  tubes  w i t h  a r e a c t i o n  volume o f  85 pi (40 pi  
s t r e p t a v i d i n  beads, 20 pi (approx  1 .2  pg) o l i g o n u c l e o t i d e ,  5 
pi o f  a p p r o p r i a t e  b u f f e r  and 20 pi o f  enzyme s o l u t i o n ) .  
Exonuclease I I I  assays were b u f f e r e d  in  20 mM T r i s - C l  (pH 
8 . 0 ) ,  3 mM MgCl2 . I n t e g r a s e  assays were b u f f e r e d  in  85 mM 
KC1, 20 mM MOPS (pH 7 . 2 ) ,  6 . 6  mM MnCl2 , 10 mM DTT, 5% (w /v )  
g l y c e r o l ,  0 .1  mg/ml bov ine  serum a lbum in .  B efo re  adding  
enzyme, th e  b e a d -o l ig o .  m ix tu r e  was a l lo w e d  t o  s tand  
u n d is tu rb e d  f o r  15 -60  minutes to  a l l o w  f o r  s t r e p t a v i d i n -  
b i o t i n  b in d in g .  Assays were c a r r i e d  out  in  a s c i n t i l l a t i o n  
c o u n te r  t h a t  a l lo w e d  f o r  o p e r a t o r  c o n t r o l  o f  s t a r t - s t o p  
t im e s .  Count measurements were o b ta in e d  b e fo r e  any enzyme 
was added to  th e  r e a c t i o n  t o  e s t a b l i s h  a b a s e l i n e .  Time 
z e ro  was d e s ig n a te d  as th e  moment a t  which th e  enzyme was 
added t o  th e  b e a d - o l ig o  m ix t u r e ,  and count measurements were  
reco rd ed  a t  e i t h e r  40 second count t im e s  a t  1 minute  
i n t e r v a l s  or  10 second count t im e s  a t  30 second i n t e r v a l s
6 . 2 . 2 . 4  Screen ing  S c i n t i l l a t i o n  P r o x im i t y  Assay
S c ree n in g  SPA was done as f o r  th e  SPA assay but w i th  a 10x 
r e d u c t io n  in  s t r e p t a v i d i n  beads, o l i g o n u c l e o t i d e  and enzyme 
c o n c e n t r a t io n s ,  in  a volume o f  66 p i .  O l i g o n u c l e o t i d e  and 
enzyme were a l lo w e d  t o  r e a c t  a t  room te m p e ra tu re  f o r  5 
m in u tes .  The r e a c t i o n  was stopped by th e  a d d i t i o n  o f  EDTA
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(pH 8 . 0 )  to  a f i n a l  c o n c e n t r a t io n  o f  75 mM. S t r e p t a v i d i n  
beads were added and th e  r e a c t i o n  m ix tu r e  a l lo w e d  to  stand  
f o r  10 minutes t o  a l l o w  f o r  s t r e p t a v i d i n - b i o t i n  b in d in g  
b e fo r e  counts were measured in  a s c i n t i l l a t i o n  c o u n te r .
6 . 2 . 2 . 5  O l i g o n u c l e o t i d e  C leavage and I n t e g r a t i o n  Assay
LTR c le a v ag e  and a u t o i n t e g r a t i o n  assay was done as d e s c r ib e d  
by C r a i g i e  e t  a 7. ( 1 9 9 0 ) .  B r i e f l y ,  o l i g o n u c l e o t i d e s  L1 and 
L2C, c o rrespo nd ing  t o  th e  MoMLV LTR, were p u r i f i e d  by 
p o ly a c r y la m id e  gel e l e c t r o p h o r e s i s  as d e s c r ib e d  by M a n i a t i s  
e t  a l .  (1 9 8 2 )  w i th  th e  e x c e p t io n  t h a t  th e  e l u t i o n  b u f f e r  was 
0 . 3  M NaAc (pH 5 . 2 ) ,  10 mM EDTA (pH 8 . 0 ) .  O l ig o  L1 was end-  
l a b e l l e d  w i th  [ a - 3 2 P]ATP w i t h  T4 p o l y n u c l e o t i d e  k in a s e  and 
annealed  to  a 4x excess o f  o l i g o  L2C ( o l i g o  sequences a re  
l i s t e d  in  T a b le  2 . 1 ) .  In  a t o t a l  volume o f  15 p i ,  
a p p r o x im a te ly  5 pmol MBP-IN f u s io n  p r o t e i n  was in cu ba ted  
w i t h  0 . 5  pmol LTR s u b s t r a t e  in  85 mM KC1, 20 mM Mops (pH
7 . 2 ) ,  6 . 6  mM MnCl2 ( o r  MgCl2 or  EDTA pH 8 . 0 ) ,  10 mM DTT, 20% 
( w / v )  g l y c e r o l ,  100 pg/ml BSA. R ea c t io n s  were in cu b a ted  f o r  
1 hour a t  30°C and stopped w i t h  15 pi 95% ( v / v )  formamide,
20 mM EDTA (pH 8 . 0 ) ,  0.05% ( w / v )  bromophenol b lu e ,  0.05%  
(w /v )  x y le n e  c y a n o l . A n a ly s is  was by 20% p o ly a c r y la m id e  gel  
e l e c t r o p h o r e s i s .  V i s u a l i z a t i o n  was by a u t o r a d io g r a p h y .
T h is  assay was a ls o  done in  th e  b u f f e r  d e s c r ib e d  by Jonsson 




6 . 3 . 1  Southwestern  B l o t t i n g
Southwestern  b l o t t i n g  was used t o  e s t a b l i s h  DNA b in d in g  by 
IN and was a ls o  in te n d e d  to  be used as a s c re e n in g  assay in  
t h e  p u r i f i c a t i o n  o f  IN as expressed from p I F .  The f i r s t  
Southwestern  was done w i t h  whole c e l l  l y s a t e  from TG1 
t ra n s fo rm e d  w i t h  p IF  and whole c e l l  l y s a t e  from 
untrans form ed  TG1 as a c o n t r o l .  The b l o t  ( f i g u r e  6 . 1 )  shows 
a p r o t e i n  o f  a p p r o x im a te ly  45 kDa t h a t  c o -m ig r a te s  w i th  IN 
as i d e n t i f i e d  on C o o m a s s ie -s ta in ed  SDS-PAGE g e l s .  A l though  
t h e  n e g a t iv e  c o n t r o l  should  have been TG1 t ra n s fo rm e d  w i th  
pTZ19R, t h e  r e s u l t s  do suggest t h a t  IN as expressed from  
p lasm id  p I F  b inds t o  non-sequence s p e c i f i c  DNA. However,  
t h i s  b in d in g  was not  r e p r o d u c i b l e . T a b le  6 .1  l i s t s  th e  
Southwestern  b l o t s  performed and th e  e x p e r im e n ta l  changes 
made in  an e f f o r t  to  y i e l d  p o s i t i v e  b in d in g .
6 . 3 . 2  S u p e r - c o i l e d  Plasmid N ic k in g
IN a c t i v i t y  was t e s t e d  in  a s u p e r - c o i l e d  p lasm id  n ic k in g  
assay .  S e v e ra l  p r e p a r a t i o n s  o f  IN as expressed from plasmid  
p I F  were assayed f o r  a c t i v i t y  in c l u d i n g  p r o t e i n  s o l u b i l i z e d  
by 6M g u a n id in e  and d i a l y z e d  a g a in s t  8M urea and d i l u t e d ,  
were assayed f o r  a c t i v i t y .  No c o n v e rs io n  o f  s u p e r c o i l e d  
plasm id  t o  Form I I  (n ic k e d  c i r c l e )  was d e t e c te d  ( d a t a  not  
shown). T h is  assay was a ls o  used t o  screen th e  MBP-IN
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f u s io n  p r o t e i n  f r a c t i o n s  a f t e r  amylose column chromatography  
( s e c t i o n  5 . 3 . 3 )  ( f i g u r e  6 . 2 ) .  The r e s u l t s  suggest t h a t  in  
f r a c t i o n s  2 and 3 o f  both MBP and MBP-IN an i n t e r a c t i o n  w i th  
t h e  DNA has taken  p l a c e .  Whether t h i s  i s  a c t u a l  convers ion  
o f  th e  s u p e r c o i l e d  p lasm id  to  n ick e d  c i r c l e  o r  r e t a r d a t i o n  
o f  t h e  DNA m ig r a t io n  by p r o t e i n  i n t e r a c t i o n s  w i t h  th e  DNA is  
d i f f i c u l t  to  d e te rm in e  w i t h o u t  f u r t h e r  i n v e s t i g a t i o n .
E i t h e r  a b a c t e r i a l  n u c lease  has c o - p u r i f i e d  w i t h  MBP and 
MBP-IN or  MBP possesses DNA-binding p r o p e r t i e s .
6 . 3 . 3  O l i g o n u c l e o t i d e  A u t o - i n t e g r a t i o n  Assay
IN a c t i v i t y  was a ls o  t e s t e d  by th e  o l i g o n u c l e o t i d e  
endonuclease and a u t o - i n t e g r a t i o n  assay developed by C r a i g i e  
e t  a l . ( 1 9 9 1 ) .  The assay was f i r s t  c a r r i e d  out  w i th  
p u r i f i e d  MBP and MBP-IN ( d a t a  not shown).  G e n e r a l i z e d  
d e g r a d a t io n  o f  th e  o l i g o n u c l e o t i d e  was seen, s ugg es t in g  
n u c lease  c o n ta m in a t io n  or  n o n - s p e c i f i c  d e g r a d a t io n  o f  th e  
o l i g o  s u b s t r a t e ,  as was r e p o r te d  by Jonsson e t  a l .  ( 1 9 9 3 ) ;  
no s t ra n d  t r a n s f e r  was d e t e c t e d .  The assay was re p e a te d  
us ing  nu clease  f r e e  BSA in  t h e  b u f f e r  w i th  no d e g r a d a t io n ,
3 1 p roc e s s ing  or  s t ra n d  t r a n s f e r  a c t i v i t y  d e te c te d  ( f i g u r e
6 . 3 ) .  As th e  p r o t e i n  p r e p a r a t i o n s  had been f r o z e n ,  th e  
p u r i f i c a t i o n  o f  MBP and MBP-IN was re p e a te d  on a l a r g e  s c a le  
under reduc ing  c o n d i t io n s  ( s e c t i o n  5 . 2 . 2 . 2 )  and th e  assay  
performed on f r e s h  fu s io n  p r o t e i n .  A lso  in c lu d e d  in  th e  
assay was th e  s o lu b le  p r o t e i n  from t h e  r e n a t u r a t i o n  o f  IN 
expressed from p I F .  A ga in ,  g e n e r a l i z e d  d e g r a d a t io n  was
132
observed ,  even in  th e  no p r o t e i n  c o n t r o l ;  no a u to ­
i n t e g r a t i o n  even ts  were seen ( d a t a  not shown).
6 . 3 . 4  S c i n t i l l a t i o n  P r o x im i t y  Assay (SPA)
SPA was developed t o  examine t h e  k i n e t i c s  o f  th e  
endonuclease r e a c t i o n  o f  IN .  To t e s t  t h e  v a l i d i t y  o f  th e  
assay th e  k i n e t i c s  o f  Exonuclease I I I  (Exo I I I ) ,  an enzyme 
t h a t  c le a v e s  b lu n t -e n d e d  dsDNA, were i n v e s t i g a t e d .  I n i t i a l  
exper im en ts  d e te rm ined  th e  c o n d i t io n s  under which l i n e a r  
r a t e s  were observed .  L in e a r  r a t e s  were o b ta in e d  w i t h  an 
enzyme c o n c e n t r a t io n  o f  0 . 2  U to  0 . 6  U ( f i g u r e  6 . 4 ) .  The 
p l o t  o f  r a t e  versus  u n i t s  o f  enzyme ( f i g u r e  6 . 5 )  shows t h a t  
t h e  decrease  in  counts was d i r e c t l y  p r o p o r t i o n a l  t o  enzyme 
c o n c e n t r a t io n  d e m o n s t ra t in g  t h a t  i n i t i a l  r a t e s  were be ing  
measeured and t h a t  th e  assay system was v a l i d  f o r  th e
k i n e t i c  measurement o f  t h e  endonuclease  r e a c t i o n .
Throughout th e s e  expe r im e n ts  th e  "no enzyme" c o n t r o l s  
e x h i b i t e d  an i n c r e a s in g  count r a t e .  T h is  i n d i c a t e d  t h a t  th e  
beads were s e t t l i n g  under g r a v i t y  which caused th e  r a d i o ­
l a b e l l e d  DNA t o  come i n t o  c lo s e  p r o x i m i t y  to  more than  one 
bead. T h is  s e t t l i n g  r a t e  was ta k e n  i n t o  account in  t h e  r a t e  
c a l c u l a t i  o n s .
A s t o p - t im e  s c re e n in g  assay was a ls o  developed in  o rd e r  
t o  screen samples f o r  a c t i v i t y  more q u i c k l y .  A l though t h i s  
assay was not meant t o  be q u a n t i t a t i v e ,  r a t e s  were compared
f o r  Exo I I I  in  both assays and found t o  be s i m i l a r  ( d a t a  not
shown) .
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S e v era l  p r e p a r a t i o n s  o f  IN were assayed f o r  a c t i v i t y  by 
th e  lo n g e r  method. Enzyme assays o f  p r e p a r a t i o n s  o f  IN ,  
s o l u b l e  a f t e r  s o n i c a t i o n  as expressed from p lasm id  p I F ,  and 
an i d e n t i c a l l y  p re pa red  sample o f  E. co l  i t ra n s fo rm e d  w i th  
pTZ19R, r e v e a le d  th e  a c t i v i t y  o f  a b a c t e r i a l  nuc lease  (d a t a  
not shown). Samples o f  IN f o l l o w i n g  d e n a t u r a t io n  in  
g u a n id in e ,  d i a l y s i s  a g a in s t  8M urea  and d i l u t i o n  ( s e c t i o n  
4 . 2 . 1 )  showed no ev id e n c e  o f  endonuclease  a c t i v i t y  (d a ta  not  
shown) .
P u r i f i e d  samples o f  MBP and MBP-IN were screened f o r  
a c t i v i t y  in  t h e  s c re e n in g  assay ,  but  each showed a s i m i l a r  
drop in  r a d i o a c t i v i t y .  S e v era l  e x p e r im e n ts  were conducted  
w i t h  MBP and MBP-IN in  th e  k i n e t i c  assay .  The l e v e l s  o f  
a c t i v i t y  f o r  each p r o t e i n  were ro u g h ly  e q u i v a l e n t .  The 
r e s u l t s  suggest t h a t ,  a l th o u g h  low a c t i v i t y  was measured,  
a c t i v i t y  cannot be a t t r i b u t e d  t o  th e  endonuclease r e a c t i o n  
o f  IN .
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T a b le  6 .1  L i s t i n g  o f  th e  samples used in  Southwestern  b l o t s  
and changes made in  th e  method. Exper iments  1 -6  were from
e x p re s s io n  in  TG1. A l l  exper
v e c t o r - o n l y  c o n t r o l s .
E x p t . Samp! e
1 . 2 , 4 , 6 , 8M urea
s o lu b le  and i n s o l u b l e .
2 .  4 ,6 ,8 M  urea and 
whole c e l l  l y s a t e .
3 .  6M g u a n id in e  s o l u b i l i z e d  
and d i a l y z e d  in  8M u re a .
4 .  Whole c e l l  l y s a t e  and 
samples from 3.
5. 32°C s o n ic a te  s o lu b le  
and i n s o l u b l e ,  whole  
c e l l  l y s a t e .
6. Whole c e l l  l y s a t e ,  8M 
urea i n s o l u b l e ,  6M 
g u a n id in e  s o l u b l e ,  0.1%  
SDS s o lu b le .
7. CAG629 4 , 8M urea  
i n s o l u b l e ,  8M urea  
s o lu b le .
8. MBP and MBP-IN 
s o l u b l e .
9 .  MBP and MBP-IN 
s o l u b l e .
ments in c lu d e d  th e  a p p r o p r i a t e
Assay C o n d i t io n s  
H y b r i d i z a t i o n  2 hours.
H y b r i d i z a t i o n  o v e r n ig h t  (and  
h e r e a f t e r ) .  I n c o r p o r a t i o n  o f  
3 2 P c o n f i rm e d .  B lock ing  
b u f f e r  f r e s h l y  made.
Same as 2.
Sw itch  t o  salmon t e s t i s  DNA 
(and h e r e a f t e r ) .  L a b e l le d  
MoMLV LTR o l i g o  as probe.  
B lo c k in g  b u f f e r  sw itched  to  
B l o t t o  (and h e r e a f t e r ) .
E l i m i n a t e d  d e n a t u r a t io n  s tep  
(and h e r e a f t e r ) .
Same as 6.
Same as 6.
Reducing c o n d i t io n s  o f  z in c  
b l o t  ( s e c t i o n  7 . 2 . 2 ) .
F ig u r e  6 . 2  Southwestern  b l o t  o f  IN  expressed in  E. c o l  i fronr 
plasm id  p I F .  B a c t e r i a l  c e l l s  were grown and induced as 
d e s c r ib e d  in  s e c t i o n  2 . 2 . 2 1 .  Whole c e l l  l y s a t e  was 
resuspended in  re duc ing  SDS-PAGE sample b u f f e r  and separa tee  
on a 7.5% g e l .  Southwestern  b l o t t i n g  was c a r r i e d  out  as 
d e s c r ib e d  in  s e c t i o n  6 . 2 . 2 . 1  w i t h  genomic r a t  DNA. 
V i s u a l i z a t i o n  was by a u t o r a d i o g r a p h y .
Lane 1 TG1 whole  c e l l  l y s a t e ,  10 pi loaded onto  gel
Lane 2 TG1 whole  c e l l  l y s a t e ,  30 pi loaded onto  gel
Lane 3 TG1 t r a n s fo rm e d  w i t h  p I F ,  10 pi loaded onto  gel
Lane 4 TG1 t ra n s fo rm e d  w i th  p I F ,  30 pi loaded onto  gel
The arrow i n d i c a t e s  th e  p o s i t i o n  o f  IN .

F i g u r e  6 . 3  S u p e r - c o i l e d  p lasm id n ic k in g  assay o f  p u r i f e d  MB 
and MBP-IN on th e  1 cm3 amylose column. The assay was done 
as d e s c r ib e d  in  s e c t io n  6 . 2 . 2 . 2  w i th  p R IT -5  as th e  p lasm id  
s u b s t r a t e .  F r a c t io n s  1 -9  from the  chromatography were  
s c re e n e d .  A. MBP f r a c t i o n s .  B. MBP-IN f r a c t i o n s .
In  A and B
Lane C No enzyme c o n t r o l
Lane 1 F r a c t i on 1
Lane 2 F r a c t i on 2
Lane 3 F r a c t i on 3
Lane 4 F r a c t i on 4
Lane 5 F r a c t i on 5
Lane 6 F r a c t i on 6
Lane 7 F r a c t i on 7
Lane 8 F r a c t i on 8
Lane 9 F r a c t i  on 9
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F ig u r e  6 . 4  O l i g o n u c l e o t i d e  c leavag e  and a u t o i n t e g r a t i o n  
assay.  MBP and MBP-IN were p u r i f i e d  from a 1 cm3 amylose  
column as d e s c r ib e d  in  s e c t io n  5 . 2 . 2 . 2 .  F r a c t io n  2 from 
each was screened in  th e  assay in  th e  b u f f e r  d e s c r ib e d  by 
C r a i g i e  e t  a l . (1 9 9 0 )  in  e i t h e r  Mn2 + , Mg2 + , or  EDTA.
Lane 1 0 1 igo  o n ly
Lane 2 O l ig o  in  Mn2 + b u f f e r
Lane 3 MBP i n Mn2 +
Lane 4 MBP i n Mg2 +
Lane 5 MBP in  EDTA 
Lane 6 MBP-IN in  Mn2+
Lane 7 MBP-IN in  Mg2+
Lane 8 MBP-IN in  EDTA
1 2 3 4 5 6 7  8
F ig u r e  6 . 5  SPA assay w i th  Exonuclease I I I .  B i o t i n y l a t e d , 
t r i t i a t e d  o l i g o n u c l e o t i d e s  were in cu b a ted  w i th  v a r io u s  
c o n c e n t r a t io n s  o f  Exonuclease I I I  and th e  decrease in  
r a d i o a c t i v i t y  measured by s c i n t i l l a t i o n  c o u n t in g .  Counts  
per  m inu te  were n o rm a l ize d  to  p e r c e n t  i n i t i a l  counts .  (Not  












F ig u r e  6 . 6  P lo t  o f  v e l o c i t y  versus enzyme c o n c e n t r a t io n .  
V e l o c i t y  was c a l c u l a t e d  by l i n e a r  r e g r e s s io n  o f  th e  d a ta  
p re s e n te d  in  f i g u r e  6 . 4 .  E r r o r  bars  r e f l e c t  s tandard  e r r o r
I;
o f  th e  mean.
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SPA Assay 







DNA b in d in g  by MoMLV IN was i n v e s t i g a t e d  by Southwestern  
b l o t t i n g .  An i n i t i a l  d e m o n s tra t io n  o f  DNA b in d in g  by a 45 
kDa p r o t e i n  in  th e  c e l l  l y s a t e  from E. co l  i t ran s fo rm e d  w i th  
p IF  suggested t h a t  th e  recombinant  IN bound DNA. Many 
e f f o r t s  were made t o  r e p e a t  t h a t  r e s u l t  w i t h  v a r io u s  
p r e p a r a t i o n s  o f  IN and changes made t o  th e  e x p e r im e n ta l  
p r o t o c o l .  As some o f  th e s e  p r e p a r a t i o n s  were p r o t e in s  
s o l u b i 1 i 1 iz e d  in  urea  o r  g u a n id in e ,  whole c e l l  l y s a t e s  were 
in c lu d e d  to  r u l e  ou t  m o d i f i c a t i o n  o f  th e  p r o t e i n  by urea  or  
g u a n id in e .  The g u a n id in e  d e n a t u r a t i o n  s te p  was a ls o  
e l i m i n a t e d  in  th e  l a t e r  expe r im e n ts  f o r  th e  same reason.
The change in  b lo c k in g  b u f f e r  d id  r e s u l t  in  a lower  
background r a d i a t i o n  on th e  b l o t s .  F i n a l l y ,  s t r i n g e n t  
r e d u c t io n  c o n d i t io n s  d u r in g  r e n a t u r a t i o n  were i n v e s t i g a t e d .
Why th e s e  exp e r im e n ts  f a i l e d  to  dem onstra te  t h a t  IN  
b inds  DNA may p o s s ib ly  be a f a i l u r e  o f  IN t o  r e f o l d  p r o p e r ly  
f o l l o w i n g  d e n a t u r a t i o n .  A h y p o th e s is  t h a t  th e  r e n a t u r a t i o n  
b u f f e r  was not c o r r e c t  i s  d i f f i c u l t  to  r e c o n c i l e  w i th  
r e p o r t s  in  which DNA b in d in g  i s  dem onstra ted a f t e r  
r e n a t u r a t i o n  in  t h a t  same b u f f e r  (Roth e t  a l . ,  1988;
Krogstad and Champoux, 1 9 9 0 ) .  I t  remains a p o s s i b i l i t y  t h a t  
r e n a t u r a t i o n  c o n d i t io n s  f o r  IN may be dependent on the  
b a c t e r i a l  s t r a i n  in  which i t  was expressed;  IN was expressed  
from p I F  in  E. c o l i  DH5a by Krogstad and Champoux ( 1 9 9 0 ) ,  
w h i l e  in  t h i s  s tudy e x p res s io n  was from E. c o l  i TG1 .
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Krogstad and Champoux do r e p o r t  v a r i a b l e  l e v e l s  o f  
r e n a t u r a t i o n  in  t h e i r  Southwestern  assays.
Endonuclease a c t i v i t y  was i n v e s t i g a t e d  by a s u p e r ­
c o i l e d  p lasm id  n i c k i n g  assay .  The assay f a i l e d  to  
dem onstra te  IN a c t i v i t y ;  i n v e s t i g a t i o n s  were not pursued in  
f a v o u r  o f  th e  more s p e c i f i c  o l i g o n u c l e o t i d e  a u t o i n t e g r a t i o n  
and SPA assays .  One i n t e r e s t i n g  o b s e r v a t io n  was made in  th e  
s c re e n in g  o f  column f r a c t i o n s  o f  MBP and MBP-IN. F r a c t io n s  
2 and 3 in  both th e  MBP and MBP-IN p u r i f i c a t i o n s  showed an 
i n t e r a c t i o n  w i th  th e  p lasm id  DNA by r e t a r d i n g  t h e i r  
m i g r a t i o n  on th e  gel o r  in  c o n v e rs io n  o f  supei—c o i l e d  DNA to  
n icked  c i r c l e .  F r a c t io n s  2 and 3 correspond t o  th e  
i d e n t i f e d  MBP and MBP-IN on C oo m a s s ie -s ta in ed  SDS-PAGE g e ls  
and immunoblots. E i t h e r  a b a c t e r i a l  DNA-binding p r o t e i n  or  
n u c lea s e  has c o - p u r i f i e d  w i t h  MBP and MBP-IN or  MBP is  a DNA 
b in d in g  p r o t e i n .  There  i s  no ev id e n c e  t o  suggest t h a t  MBP 
binds  DNA (K e l le rm a n  and F e r e n c i , 1982; Duplay e t  a l . ,
1 9 8 4 ) .
IN p r e p a r a t i o n s  from th e  two e x p re s s io n  systems a ls o  
d i s p la y e d  endonuclease a c t i v i t y  in  th e  SPA assay; however,  
s i m i l a r  l e v e l s  o f  a c t i v i t y  were observed in  th e  v e c t o r - o n l y  
c o n t r o l .  A g a in ,  t h i s  p o in t s  t o  c o - p u r i f i c a t i o n  o f  a 
b a c t e r i a l  nu c le a s e .  That  a b a c t e r i a l  nuc lease  can c o - p u r i f y  
w i t h  IN expressed in  E. c o l i  has been dem onstra ted (Panet  
and B a l t im o r e ,  1 9 8 7 ) .  IN a c t i v i t y  was a ls o  t e s t e d  by th e  
o l i g o n u c l e o t i d e  a u t o i n t e g r a t i o n  assay .  A lthough d e g r a d a t io n  
o f  th e  o l i g o n u c l e o t i d e  s u b s t r a t e  was observed ,  t h e r e  was no 
e v id e n c e  to  suggest t h a t  3 1 p ro c e s s in g  o r  s t ra n d  t r a n s f e r
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had o c c u r re d .  That  th e  d e g r a d a t io n  was n o n - s p e c i f i c  i s  
suggested by th e  d e g r a d a t io n  observed in  th e  "no enzyme" 
c o n t r o l .
There  i s  e v ery  reason t o  b e l i e v e  t h a t  IN should  be 
a c t i v e  as a fu s io n  w i th  MBP. For example, genes hi sD  and 
hi sC  o f  Sa l mone l l a  t yphi mur i um  were fused in  a spontaneous  
m u ta t io n .  The f u s io n  d i s p la y e d  c a t a l y t i c  a c t i v i t e s ,  though  
not i d e n t i c a l  t o  th e  w i l d - t y p e  unfused p r o t e i n s  (Yourno e t  
a l . ,  1 9 7 0 ) .  A 3 - g a l a c t o s i d a s e  and g a la c to s e  dehydrogenase  
fu s io n  a ls o  demonstrated c a t a l y t i c  a c t i v i t e s .  In  t h i s  case  
3 - g a l a c t o s i d a s e  a c t i v i t y  was 90-100% w i l d - t y p e  w h i le  
g a la c t o s e  dehydrogenase was 40-50% w i l d - t y p e  ( c i t e d  by 
Biilow, 1 9 9 0 ) .  The most c o n v in c in g  e v idence  t h a t  MoMLV MBP- 
IN should  be a c t i v e  i s  th e  suc c es s fu l  d e m o n s tra t io n  o f  
a c t i v i t y  f o r  an HIV-1 MBP-IN ( V in k  e t  a l . ,  1993) and a v ia n  
MBP-IN (K i ta m u ra  e t  a l . t 1 9 9 2 ) .  That  no a c t i v i t y  was 
d e t e c te d  could  be a t t r i b u t e d  t o  one or  both o f  two f a c t o r s ;  
f i r s t ,  th e  MBP-IN c a r r i e s  two m u ta t io n s  t h a t  may have 
a f f e c t e d  a c t i v i t y  (see  Chapter  5 d i s c u s s io n )  and second,  
even though MBP-IN was s o l u b l e ,  th e  f a c t  t h a t  IN 
p r e c i p i t a t e d  out  o f  s o l u t i o n  f o l l o w i n g  c le a v a g e  w i t h  F a c to r  
Xa suggests t h a t  IN may not have been f o ld e d  p r o p e r l y .
The SPA assay was deve loped t o  examine th e  k i n e t i c s  o f  
IN a c t i v i t y .  SPA was c h a r a c t e r i z e d  w i th  Exonuclease I I I ;  
i n i t i a l  r a t e s  were measured and i t  was demonstrated t h a t  
v e l o c i t y  was l i n e a r l y  p r o p o r t i o n a l  t o  enzyme c o n c e n t r a t i o n .  
These d e m o n s tra t io n s  show t h a t  th e  SPA could  be used to  
examine th e  k i n e t i c s  o f  IN as w e l l  as t h e  k i n e t i c s  o f  o th e r
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endo- and exonuc leases .  The assay cou ld  a ls o  have been 
developed t o  examine th e  k i n e t i c s  o f  s t ra n d  t r a n s f e r  and 
d i s i n t e g r a t i o n .  By us ing  s i t e - d i r e c t e d  mutagenesis  
c a t a l y t i c  r e s id u e s  cou ld  have been i d e n t i f i e d  as w e l l  as th e  
sequence p r e fe r e n c e s  o f  IN by us ing  a v a r i e t y  o f  mutant  
o l i g o n u c l e o t i d e  sequences.
6 . 5  Conclusions
A v a r i e t y  o f  assays were used t o  dem onstra te  IN a c t i v i t y .
One Southwestern  b l o t  showed DNA b in d in g  by IN .  In  a l l  
o t h e r  assays,  IN was i n a c t i v e .  A b a c t e r i a l  nu c lease  co­
p u r i f i e d  w i th  IN in  both e x p re s s io n  systems. A cont inuous  
d i r e c t  k i n e t i c  assay was developed and c h a r a c t e r i z e d  using  
Exonuclease I I I  and c ou ld  be used t o  examine th e  k i n e t i c s  o f  
IN once th e  problems o f  s o l u b i l i t y  have been overcome.
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C hapter  7
T h is  c h a p te r  d e s c r ib e s  th e  d e m o n s tra t io n  o f  z in c  b in d in g  by 
MoMLV IN and th e  c o n s t r u c t io n  o f  s i t e - s p e c i f i c  mutants to  
examine th e  r e s id u e s  in v o lv e d  in  z in c  b in d in g .
7 .1  I n t r o d u c t i o n
A comparison o f  5 r e t r o v i r a l  IN sequences by Johnson and co­
workers  (1 9 8 6 )  i d e n t i f i e d  a p u t a t i v e  N - te r m in a l  z in c  f i n g e r  
m o t i f .  T h is  was l a t e r  c on f i rm ed  by Khan e t  a l . (1 9 9 1 )  in  a 
comparison o f  80 r e t r o v i r a l  and r e t r o t r a n s p o s o n  sequences.  
The z in c  f i n g e r  m o t i f  was f i r s t  d e s c r ib e d  by M i l l e r  e t  a l .  
(1 9 8 5 )  from T r a s c r i p t i o n  F a c to r  (TF)  I I I A  and has 
s u b sequen t ly  been i d e n t i f i e d  in  numerous p r o t e i n s  [ rev iew ed  
by Evans and H o l le n b e rg  ( 1 9 8 8 ) ,  Berg ( 1 9 9 0 ) ,  and Coleman 
( 1 9 9 2 ) ] . The z in c  f i n g e r  i s  so named f o r  th e  c o - o r d i n a t i o n  o f  
z in c  to  fo u r  c y s t e i n e  or  h i s t i d i n e  r e s id u e s  ar ranged  in  a 
p a r t i c u l a r  manner, u s u a l l y  -C y s -X 2 - 4 - C y s - X i 2 - 1 3 - H i S - X 3  -  a -  
H i s - ,  where X i s  any o t h e r  amino a c i d .  T h is  m o t i f  i s  
im p l i c a t e d  in  n u c l e i c  a c id  r e c o g n i t i o n  and b in d in g ,  u s u a l l y  
to  dsDNA, le s s  commonly to  dsRNA, ssDNA, and ssRNA.
The z in c  f i n g e r  o f  th e  r e t r o v i r a l  in t e g r a s e s  d i f f e r s  in  
t h r e e  s i g n i f i c a n t  ways from th e  c l a s s i c a l  z in c  f i n g e r :  i )  
th e  sequence o f  z in c  c o - o r d i n a t i n g  r e s id u e s  i s  HHCC r a t h e r  
than CCHH, i i )  th e  loop between th e  2nd and 3rd z in c  co­
o r d i n a t i n g  r e s id u e s  is  t w i c e  as long ( H I V - 1 )  or  t h r e e  t im es  
as long (MoMLV), i i i )  i t  i s  p r e s e n t  in  a s i n g l e  copy, not a
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s t r i n g  o f  3 -1 2  s i m i l a r  m o t i f s .  S i m i l a r i t i e s  in c lu d e  a r o l e  
in  DNA b in d in g  and in  s t r u c t u r e .  The c r y s t a l  s t r u c t u r e s  o f
a T F I I I A  z in c  f i n g e r  (B erg ,  1988)  and Z i f 2 6 8 ,  a mouse
immediate  e a r l y  p r o t e i n ,  ( P a v l e t i c h  and Pabo, 1991) have 
been so lved  and show th e  h i s t i d i n e  r e g io n  in  an a - h e l i x  and 
t h e  c y s t e i n e  re g io n  in  an a n t i - p a r a l l e l  (3-sheet . The z in c  
f i n g e r  o f  HIV-1 ( r e s i d u e s  1 - 5 5 )  has been s tu d ie d  by 
spectroscopy  and r e v e a ls  th e  same arrangement o f  a - h e l i x  and 
8 - s h e e t  (Burke e t  a l . ,  1 9 9 2 ) .
The expected  r o l e  o f  th e  p u t a t i v e  z in c  f i n g e r  o f  IN is
s e q u e n c e - s p e c i f i c  DNA b i n d i n g .  However, t h e r e  i s  c o n c lu s iv e  
e v id e n c e  t h a t  DNA b in d in g  a c t i v i t y  i s  l o c a l i z e d  in  th e  C- 
te rm in u s  o f  HIV-1  (Schauer  and B i l l i c h ,  1992; V in k  e t  a l .  
1993)  and t h a t  t h e  HHCC re g io n  o f  MoMLV IN and a v ia n  IN is  
not needed f o r  DNA b in d in g  (Donehower, 1988; Roth e t  a l . ,  
1989, 1990; Khan e t  a l . ,  1991)  A n a ly s is  o f  m u ta t io n s  o f  th e  
z in c  f i n g e r  suggest p o s s ib le  r o l e s :  s p e c i f i c  i n t e r a c t i o n s  
w i th  th e  LTR f o r  a v ia n  IN (Khan e t  a l . ,  1 9 9 1 ) ,  3 '  p rocess ing  
f o r  HIV-1 IN (LaFemina e t  a l . ,  1992; V in k  e t  a l . ,  1 9 9 3 ) ,  3'  
proc e s s ing  and s t ra n d  t r a n s f e r  f o r  HIV-1  IN ( L e a v i t t  e t  a l . ,  
1993; V in c e n t  e t  a l . ,  1993) and MoMLV (Jonsson and Roth,  
1 9 9 3 ) ,  b in d in g  and p o s i t i o n i n g  o f  th e  LTR ends f o r  H IV -2 (v a n  
Gent e t  a l . ,  1 9 9 2 ) ,  and p r o t e i n / p r o t e i n  i n t e r a c t i o n s  f o r  
HIV-1  (Engelman and C r a i g i e ,  1 9 9 2 ) .  The o b s e r v a t io n s  t h a t  
DNA b in d in g  i s  a s s o c ia te d  w i t h  th e  C - te r m in u s ,  and t h a t  th e  
HHCC re g io n  i s  not needed f o r  DNA b in d in g  a re  not  
in c o m p a t ib le  w i t h  a r o l e  o f  th e  HHCC re g io n  in  LTR b in d in g .  
IN a c ts  on two DNA m olecu les :  th e  v i r a l  LTR and t h e  t a r g e t
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DNA. I t  f o l lo w s  t h a t  t h e r e  may be two DNA b in d in g  c e n t r e s  
in  t h e  p r o t e i n :  th e  HHCC re g io n  f o r  LTR b in d in g  and a re g io n  
in  th e  C - te rm in u s  f o r  t a r g e t  DNA b in d in g .
7 .2  M a t e r i a l s  and Methods
7 . 2 . 1  M a t e r i a l s
Taq polymerase f o r  o v e r la p  e x te n s io n  was from P e rk in  Elmer.  
6 5 Zn was from NEN Dupont.
7 . 2 . 2  Methods
7 . 2 . 2 . 1  PCR O v e r la p  Extens ion
The two DNA fragm ents  were a m p l i f i e d  by PCR as d e s c r ib e d  in  
s e c t io n  5 . 2 . 2 . 1  and agarose gel p u r i f i e d  by f r e e z e -s q u e e z e  
( s e c t i o n  2 . 2 . 1 4 ) .  The p u r i f i e d  f ragm ents  were p lac e d  in  th e  
usual PCR r e a c t i o n  mix w i th o u t  end p r im e r s ,  m e lted  f o r  5 
minutes a t  94°C and c y c le d  f o r  5 c y c le s  a t  94°C f o r  1 
m inu te ,  37°C f o r  1 minute  f o r  a n n e a l in g  and 72°C f o r  2 
minutes  f o r  e x te n s io n .  End p r im e rs  were added (50 pm ol , a 
2 . 5x excess)  and c y c le d  f o r  33 c y c le s  as u s u a l .  A n a ly s is  o f  
prod u c ts  was by agarose gel e l e c t r o p h o r e s i s  ( s e c t i o n  2 . 2 . 1 ) .
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7 . 2 . 2 . 2  Z in c  B l o t t i n g
Z in c  b l o t t i n g  was by th e  method o f  Barbosa e t  a l .  ( 1 9 8 9 ) .  
F o l lo w in g  p r o t e i n  t r a n s f e r  to  n i t r o c e l l u l o s e ,  th e  f i l t e r  was 
washed in  R e n a tu r a t io n  B u f f e r  (100 mM T r i s ,  50 mM N a C l , 10 
mM DTT; pH 6 . 8 )  f o r  50 minutes  w i t h  t h r e e  changes o f  b u f f e r ,  
f o l lo w e d  by a 10 minute  wash in  10 mM 3 -m e rc a p to e th a n o l  in  
M etal  B ind ing  B u f f e r  (MBB)(100 mM T r i s ,  50 mM NaCl; pH 6 . 8 ) .  
The f i l t e r  was s e a le d  in  a bag and washed f o r  10 minutes in  
MBB through which N2 had been bubbled .  6 5 Zn was added to  a 
c o n c e n t r a t io n  o f  10 p C i / l a n e  and d i l u t e d  w i th  MBB to  a ZnCl2 
c o n c e n t r a t io n  o f  50 pM. In c u b a t io n  was f o r  30 minutes w i th  
g e n t l e  a g i t a t i o n .  The f i l t e r  was washed f o r  30 minutes in  1 
mM DTT in  MBB w i th  t h r e e  changes o f  b u f f e r .  V i s u a l i z a t i o n  
was by a u to r a d io g ra p h y
7 . 3  R e s u l ts
7 . 3 . 1  Z inc  B l o t t i n g
Samples f o r  z in c  b l o t t i n g  were p repared  from E. c o l i  
t ra n s fo rm e d  w i th  p lasm id  pTZ19R or  p I F .  I n s o l u b l e  f r a c t i o n s  
a f t e r  d e t e r g e n t  washing were a n a ly ze d  by SDS-PAGE, 
im m unoblo tt ing  and z in c  b l o t t i n g  ( f i g u r e  7 . 1 ) .  The z in c  
b l o t  showed th e  presence o f  a z in c  b in d in g  p r o t e i n  a t  45 kDa 
t h a t  c o -m ig r a t e d  w i th  IN as i d e n t i f i e d  by Coomassie s t a i n i n g  
and im m u n o b lo t t in g . T h is  band was not p re s e n t  in  th e  p a re n t  
v e c t o r  c o n t r o l s .  As normal 1y - s o l u b l e  p r o t e i n s  may become
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t r a p p e d  in  i n s o l u b l e  i n c l u s i o n  b o d ie s ,  a whole c e l l  l y s a t e  
o f  E. co l  i t ra n s fo rm e d  w i t h  pTZ19R was in c lu d e d  as an 
a d d i t i o n a l  c o n t r o l .  No z i n c - b i n d i n g  or  im munoreact ive  bands 
were seen. The observed z in c  b in d in g  a c t i v i t y  can t h e r e f o r e  
be a t t r i b u t e d  t o  IN .
Z in c  b in d in g  was l o s t  i f  re duc ing  c o n d i t io n s  were not  
m a in ta in e d  d u r in g  r e n a t u r a t i o n . As IN a ls o  r e q u i r e s  Mn2+ 
f o r  a c t i v i t y  (Ca2+ and Mg2+ can s u b s t i t u e  to  a l e s s e r  
d e g re e )  th e  p o s s i b i l i t y  e x i s t s  t h a t  6 5 Zn2+ was b in d in g  
a d v e n t i t i o u s l y  t o  th e  Mn2+ s i t e .  However, no decrease  in  
6 5 Zn2+ b in d in g  a c t i v i t y  was seen in  th e  presence o f  10 mM 
Mn2 + , Ca2 + , o r  Mg2+ (a  2 0 0 - f o l d  molar  excess over  Zn2 + ) .  In  
c o n t r a s t ,  b in d in g  o f  65Zn2+ was g r e a t l y  reduced in  th e  
presence o f  1 mM n o n - l a b e l l e d  ZnCl 2 .
7 . 3 . 2  C o n s t r u c t io n  o f  pMIN-CC/AA and pMIN-CC/SS
In  o rd e r  to  dem onstra te  more c o n c l u s i v e l y  t h a t  th e  z in c  was 
b in d in g  to  th e  p u t a t i v e  z i n c - b i n d i n g  m o t i f ,  two mutants were  
planned f o r  c o n s t r u c t i o n ,  pMIN-CC/AA r e p la c e s  both c y s t e in e s  
o f  th e  z i n c - b i n d i n g  domain w i t h  a l a n i n e  and pMIN-CC/SS  
re p la c e s  both c y s t e in e s  w i t h  s e r i n e .  Two c o n s id e r a t io n s  
were im p o r ta n t  in  th e  c h o ic e  o f  rep lacem ent  amino a c id s :  
prop er  f o l d i n g  and s id e  c h a in  i n t e r a c t i o n s  w i t h  z in c .
S e r in e  most c l o s e l y  resembles c y s t e i n e  in  s t r u c t u r e  and 
would be l e a s t  l i k e l y  t o  d i s r u p t  secondary s t r u c t u r e ,  but  
i t s  e l e c t r o n e g a t i v e  oxygen atom may i n t e r a c t  w i th  th e  z i n c .  
A la n in e  may d i s r u p t  th e  secondary s t r u c t u r e  o f  th e  z in c
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b in d in g  domain but has a s id e  c h a in  w i t h o u t  z in c  b in d in g  
c a p a b i1 i t i  e s .
S i t e - d i r e c t e d  mutagenesis  by PCR o v e r la p  e x te n s io n  was 
employed to  c o n s t r u c t  th e  mutants and i s  p re s e n te d  in  d e t a i l  
in  f i g u r e  7 . 2 .  A f t e r  each PCR r e a c t i o n  or  r e s t r i c t i o n  
d i g e s t i o n  th e  DNA was p u r i f i e d  from agarose by f r e e z e -  
squeeze, e x t r a c t e d  w i th  phenol and e thano l  p r e c i p i t a t e d .  
Recombinants were a n a ly ze d  by r e s t r i c t i o n  d i g e s t i o n  a f t e r  
m in i - p r e p  o f  p lasm id  DNA. The m u ta t io n s  made to  c r e a t e  
pMIN-CC/AA d e s t ro y e d  a H i n d l l l  and HglfKl s i t e  a t  p o s i t i o n s  
4894 and 4900 r e s p e c t i v e l y ;  pMIN-CC/SS d e s tro y ed  th e  HglAI  
s i t e  a t  4900. pMIN-CC/AA was i d e n t i f e d  from 11 recombinant  
c o lo n ie s ,  o f  which one gave th e  c o r r e c t  r e s t r i c t i o n  map 
( f i g u r e  7 . 3 ) .  T h is  c lo n e  was sequenced from a m axi -  
p r e p a r a t i o n  o f  DNA ( L i C l )  from t h e  p o l y l i n k e r  through the  
SphI  s i t e ,  which conf imed th e  d e s i r e d  m uat ions.  A lso noted  
were th e  m u ta t io n s  p r e v i o u s l y  d e s c r ib e d  f o r  pMIN ( s e c t i o n  
5 . 3 . 5 )  .
C o n s t r u c t io n  o f  pMIN-CC/SS proved more p r o b le m a t ic .  Of 
the  12 recombinants  o b ta in e d  from th e  l i g a t i o n  and 
t r a n s f o r m a t i o n , o n ly  3 possessed p lasm ids o f  th e  c o r r e c t  
s i z e :  S1 , S4, and S7. Analyses  o f  d i g e s t i o n  w i th  Hglfkl  were  
d i f f i c u l t  to  i n t e r p r e t  due to  th e  high number o f  HglAI  
r e s t r i c t i o n  s i t e s  in  both th e  p a r e n t  v e c t o r  and IN coding  
re g io n ;  a l l  d i d  r e t a i n  th e  H i n d l l l  s i t e  (d a t a  not shown).
A l l  3 o f  th e s e  recombinants  were in s t e a d  sequenced t o  screen  
f o r  th e  m u ta t io n s .  S1 and S7 proved t o  be w i l d - t y p e ;  S4,
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though d i f f i c u l t  to  sequence, bore  no resemblence to  the  IN 
coding re g io n .
A second a t te m p t  was made to  c o n s t r u c t  pMIN-CC/SS. A 
d i f f e r e n t  s t r a t e g y  was employed, namely th e  use o f  o l i g o  
5191 in  p la c e  o f  o l i g o  Pst2 in  th e  PCR r e a c t i o n ,  th e re b y  
e l i m i n a t i n g  th e  need to  d i g e s t  th e  f ragm ent  965 w i th  S f i l .  
T h is  r e s u l t s  in  a f ragm ent  s i z e  o f  329 bp. Both f ragments  
were a m p l i f i e d  by PCR ( s e c t i o n  5 . 2 . 2 . 1 ) ,  p u r i f i e d  from 
agarose by f r e e z e - s q u e e z e ,  e x t r a c t e d  w i t h  phenol ,  and then  
eth a n o l  p r e c i p i t a t e d .  PCR o v e r la p  e x te n s io n  was 
unsuccessfu l  in  produc ing  a f ragm ent  o f  622 bp, d e s p i t e  
v a r y in g  th e  c o n c e n t r a t io n  o f  th e  f rag m e n ts ,  m e l t in g  and 
e x te n s io n  t im e  in  th e  PCR r e a c t i o n ,  and th e  c o n c e n t r a t io n  o f  
end p r im e rs  and Taq DNA polymerase ( d a t a  not shown). Due to  
t im e  c o n s t r a i n t s ,  c o n s t r u c t io n  o f  pMIN-CC/SS was abandonded.
7 . 3 . 3  Express ion and P u r i f i c a t i o n  o f  M B P - IN (A la )
pMIN-CC/AA was t ra n s fo rm e d  i n t o  E. c o l  i TB1 by th e  CaCl2 
method. M B P - IN (A la )  (MBP-IN fu s io n  c a r r y i n g  th e  c y s t e i n e  to  
a l a n i n e  m u ta t io n s )  was expressed e x a c t l y  as d e s c r ib e d  f o r  
th e  l a r g e  s c a le  p u r i f i c a t i o n  o f  MBP-IN ( s e c t i o n  
5 . 2 . 2 . 2 ) ( f i g u r e  7 . 4 ) .  The Coomassie s ta in e d  SDS-PAGE gel  
and immunoblot dem onstra te  t h a t  M B P - IN (A la )  was expressed  
and p u r i f e d  in  a s i m i l a r  manner to  MBP-IN. M B P - IN (A la )  a ls o  
p r e c i p i t a t e d  out  o f  s o l u t i o n  a f t e r  c le a v a g e  w i th  F a c to r  Xa, 
was s o lu b le  in  4M u re a ,  but f a i l e d  t o  r e n a t u r e  on d i a l y s i s  
as d e s c r ib e d  ( s e c t i o n  5 . 2 . 2 . 4 ) ( f i g u r e  7 . 5 ) .
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7 . 3 . 4  Z in c  B l o t t i n g  w i th  MBP-IN and M B P - IN (A la )
Z in c  b in d in g  was f i r s t  dem onstra ted w i th  MBP-IN ( f i g u r e  
7 . 6 ) .  The z in c  b l o t  r e v e a le d  th e  presence o f  s e v e ra l  z in c  
b in d in g  p r o t e i n s  t h a t  c o - m ig r a t e  w i th  MBP-IN and d e g ra d a t io n  
products  ( p r e v i o u s l y  d e s c r i b e d ) .  IN ,  as a f u s io n  w i th  MBP, 
r e t a i n s  t h e  a b i l i t y  t o  b ind z i n c .  M B P - IN (A la )  was then  
t e s t e d  f o r  z in c  b in d in g .  Four z in c  b l o t s  were performed;  
a l l  were n e g a t iv e  f o r  z in c  b in d in g  t o  any p r o t e i n s  in  the  
samples ( i n c l u d i n g  IN as expressed from plasm id p IF  as a 
p o s i t i v e  c o n t r o l ) .  There  was ev id e n c e  t o  suggest in ad eq uate  
p r o t e i n  t r a n s f e r  in  th e  f i r s t  b l o t ;  t h i s  was rep e a te d  w i th  
e x c e l l e n t  t r a n s f e r  th e  second t im e .  In  th e  t h i r d  a t te m p t ,  
f r e s h  M eta l  B ind ing  B u f f e r  and more s t r i n g e n t  c a re  to  
m a in ta in  re d u c in g  c o n d i t io n s  were employed, and in  th e  
f o u r t h  a t t e m p t ,  a l l  b u f f e r s  were f r e s h l y  made as w e l l  as 
using a d i f f e r e n t  p r e p a r a t i o n  o f  6 5 Zn2+ w i th  a h ig h e r  
s p e c i f i c  a c t i v i t y .  (Time c o n s t r a i n t s  d id  not a l lo w  any 
f u r t h e r  a t te m p ts  t o  dem onstra te  z in c  b in d in g  or  l a c k  o f  i t . )
F ig u r e  7.1  Z in c  b in d in g  by MoMLV IN .  A l l  samples were  
resuspended in  reducing SDS-PAGE sample b u f f e r  and separa  
on an 8.0% p o ly a c r y la m id e  g e l .  A. Z inc  b l o t .  B. 
C o o m a s s ie -s ta in ed  g e l .  C. Immunoblot w i th  a 1 :400  d i l u t  
a n t i -K K 2 8  a n t i - s e r u m ,  1 :1 0 ,0 0 0  d i l u t i o n  goat  a n t i - r a b b i t  
a l k a l i n e  phosphatase c o n ju g a te .  V i s u a l i z a t i o n  was w i th  
NBT/BCIP. Open arrow i n d i c a t e s  the  p o s i t i o n  o f  IN .
In  A, B, and C
Lane 1 TG1 t ran s fo rm e d  w i th  p IF ,  i n s o lu b le  f r a c t i o n  a f t e r  
d e t e r g e n t  wash
Lane 2 TG1 t ran s fo rm e d  w i th  pTZ19R, i n s o l u b l e  f r a c t i o n  a f  
d e t e r g e n t  wash 
Lane 3 TG1 t ran s fo rm e d  w i th  pTZ19R, whole c e l l  l y s a t e

F ig u r e  7 . 2  I l l u s t r a t i o n  o f  th e  c o n s t r u c t io n  o f  th e  mutant  
v e c t o r s .  The f i r s t  s te p  was th e  PCR a m p l i f i c a t i o n  o f  the  
two f ra g m e n ts .  L e t t e r s  i n d i c a t e d  th e  p r im e rs  used 
(sequences a re  l i s t e d  in  t a b l e  2 . 1 ) .  Numbers i n d i c a t e  th e  
f ragm ent  s i z e s  in  base p a i r s .  F i l l e d  c i r c l e s  i n d i c a t e  the  
r e l a t i v e  p o s i t i o n  o f  th e  m u ta t io n s .  A f t e r  each d i g e s t i o n  
PCR r e a c t i o n  th e  p rod ucts  were p u r i f i e d  from agarose by 
f r e e z e - s q u e e z e ,  e x t r a c t e d  w i th  phenol and e thano l  
p r e c i p i t a t e d .  F in a l  p u r i f i c a t i o n  b e fo r e  l i g a t i o n  was on a 
NEBsorb column.
A. 01 i go Eag
B. 01 i go CysAla2 o r  CysSer2
C. 01 i go CysAla or  CysSer
D. 01 i go Pst2
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F ig u r e  7 . 3  R e s t r i c t i o n  mapping o f  pMIN-CC/AA. Plasmid DNA 
was pre p a red  from a Li Cl m a x i -p re p  and d i g e s te d  w i th  H g l A I , 
H i n d l l l ,  and P s t I . A n a ly s is  was on a 1.0% agarose g e l ;  
v i s u a l i z a t i o n  was by e th id iu m  bromide s t a i n i n g .  The gel  
shows th e  d e s t ro y ed  HglAI  and H i n d l l l  s i t e s ;  the  arrows  
i n d i c a t e  th e  p o s i t i o n  o f  th e  f ragm ent  m iss ing  in  th e  mutant  
piasmi d .
Lane 1 pMIN d ig e s te d  w i t h  HglAI
Lane 2 pMIN-CC/AA d i g e s t e d  w i th  HglAI
Lane 3 pMIN d ig e s te d  w i t h  H i n d l l l
Lane 4 pMIN-CC/AA d i g e s t e d  w i th  H i n d l l l
Lane 5 pMIN d i g e s te d  w i t h  Pst I
Lane 6 pMIN-CC/AA d i g e s t e d  w i th  P s t I
Lane 7 H i n d l l l  d i g e s te d  lambda s i z e  markers
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F ig u r e  7 . 4  Coom assie -s ta ined  SDS-PAGE gel and immunoblot of  
M B P - IN (A la )  p u r i f i c a t i o n .  TB1 t ran s fo rm ed  w i th  pMIN-CC/AA 
was grown and induced as d e s c r ib e d  in  s e c t io n  2 . 2 . 2 2 .  The iii
c e l l s  were ly s e d  by s o n ic a t io n  as d e s c r ib e d  in  s e c t io n  i
2 . 2 . 2 3 ;  a l i q u o t s  were taken f o r  a n a l y s i s .  Amylose column 
chromatography was as de s c r ib e d  in  s e c t io n  5 . 2 . 2 . 2  under  
reduc ing  c o n d i t i o n s .  Samples were resuspended in  reduc ing  
SDS-PAGE sample b u f f e r  and s epara ted  on a 10% p o ly ac ry la m id e  
g e l .  A. Coom assie -s ta ined  g e l .  B. Immunoblot w i th  a 
1:100  d i l u t i o n  a n t i -K K 2 8  a n t i -s e r u m  and a 1 : 1 0 ,0 0 0  d i l u t i o n  
goat a n t i - r a b b i t  IgG a l k a l i n e  phosphatase. V i s u a l i z a t i o n  
was w i th  NBT/BCIP. The arrow i n d i c a t e s  th e  p o s i t i o n  o f  MBP-
I N ( A l a ) . M o le c u la r  weight  s tandards  a re  in
In  A and B
Lane 1 I n s o l u b l e  f r a c t i o n  a f t e r  s o n ic a t io n
Lane 2 S o lu b le  f r a c t i o n  a f t e r  s o n ic a t io n
Lane 3 Void  volume
Lane 4 Wash f lo w  through
Lane 5 E l u t i o n  f r a c t i o n  1
Lane 6 E l u t i o n  f r a c t i o n  2
Lane 7 E l u t i o n  f r a c t i o n  3
Lane 8 E l u t i o n  f r a c t i o n  4
Lane 9 E l u t i o n  f r a c t i o n  5
Lane 10 E l u t i o n  f r a c t i o n  6
Lane 11 E l u t i o n  f r a c t i o n  7
Lane 12 E l u t i o n  f r a c t i o n  8
155
A
1__2_ 3 4 5
«?
- #














F ig u r e  7 .5  Immunoblot o f  M B P - IN (A la )  c le a v e d  w i th  F a c to r  Xa, 
s o l u b i l i z e d  in  4M ure a ,  and d i a l y z e d  as d e s c r ib e d  in  s e c t io n  
5 . 2 . 2 . 4 .  Samples were taken up in  reduc ing  SDS-PAGE sample^  
b u f f e r  and s e p a ra te d  on a 10% p o ly a c r y la m id e  g e l .
Im m uno blo t t ing  was w i th  a 1 :100  d i l u t i o n  a n t i -K K 2 8  a n t i ­
serum and a 1 : 1 0 , 0 0 0  d i l u t i o n  goat a n t i - r a b b i t  IgG a l k a l i n e  
phosphatase.  V i s u a l i z a t i o n  was w i th  NBT/BCIP.
Lane 1 E l u t i o n  f r a c t i o n  4
Lane 2 S o lu b le  f r a c t i o n  a f t e r  c le a v a g e
Lane 3 S o lu b le  f r a c t i o n  in  4M urea
Lane 4 I n s o l u b l e  f r a c t i o n  a f t e r  d i a l y s i s
Lane 5 S o lu b le  f r a c t i o n  a f t e r  d i a l y s i s  !







F ig u r e  7 . 6  Z in c  b l o t  o f  MBP and MBP-IN. I n s o l u b l e  f r a c t i o n s  
a f t e r  s o n i c a t i o n  and d e t e r g e n t  wash o f  TG1 t ra n s fo rm e d  w i th  
e i t h e r  pTZ19R or  p IF  and s o lu b le  f r a c t i o n s  a f t e r  s o n i c a t i o n  
o f  TB1 t r a n s fo rm e d  w i t h  pMAL-c or  pMIN. Samples were  
resuspended in  reduc ing  SDS-PAGE sample b u f f e r  and s e p a ra te d  
on a 10% p o ly a c r y la m id e  g e l .  Z in c  b l o t t i n g  was done as 
d e s c r ib e d  in  s e c t io n  7 . 2 . 2 . 2 .  The open arrow i n d i c a t e s  th e  
p o s i t i o n  o f  MBP-IN, th e  c losed  arrow th e  p o s i t i o n  o f  IN .  
M o le c u la r  w e ig h t  s tan d a rd s  a re  in  kDa.
Lane 1 TG1 tra n s fo rm e d wi th
Lane 2 TG1 tra n s fo rm e d wi th
Lane 3 TB1 t ra n s fo rm e d wi th
Lane 4 TB1 tra n s fo rm e d wi th
p I F ,  wash i n s o lu b le  
pTZ19R, wash i n s o l u b l e  
pMIN, s o n ic a te  s o lu b le  
pMAL-c, s o n ic a te  s o lu b le





MoMLV IN as expressed from p IF  was shown t o  b in d  z in c  i n  
v i t r o .  T h is  was th e  f i r s t  d e m o n s tra t io n  o f  z i n c  b in d in g  f o r  
MoMLV IN .  Basu and Varmus (1 9 9 0 )  were suc c es s fu l  in  
p u r i f y i n g  IN expressed in  y e a s t  on a z in c  a f f i n i t y  column 
which a ls o  suggests  IN has an a f f i n i t y  f o r  z i n c .  That  z in c  
b i n d i n g  was o x i d a t i o n - s e n s i t i v e  and was r e t a i n e d  in  th e  
presence  o f  competing d i v a l e n t  c a t i o n s  suggests  t h a t  z in c  i s  
b in d in g  t o  a d i s t i n c t  s i t e  and t h a t  c y s t e in e s  a re  in v o lv e d  
a t  t h a t  s i t e .  MBP-IN a ls o  showed z in c  b i n d in g ,  
d e m o n s tra t in g  t h a t  IN r e t a i n s  th e  a b i l i t y  t o  b ind  z in c  as a 
f u s io n  w i t h  MBP.
S i t e - d i r e c t e d  m utagenesis  was employed t o  d e te rm in e  i f  
t h e  z i n c - b i n d i n g  s i t e  was th e  z in c  f i n g e r  m o t i f .  The 
mutants  chosen f o r  c o n s t r u c t i o n  were based on maintenence o f  
secondary  s t r u c t u r e ,  y e t  a v o id in g  re s id u e s  t h a t  could  co­
o r d i n a t e  z i n c .  W h i le  t h i s  work was in  p r o g re s s ,  Bushman and 
c o -w o rk e rs  (1 9 9 3 )  r e p o r te d  z in c  b in d in g  by H IV-1  IN .  
M u ta t io n s  o f  t h e  z i n c  c o - o r d i n a t i n g  r e s id u e s ,  in c l u d i n g  a 
C40S/C43S double  m uta n t ,  showed decreased ,  not  a b o l is h e d ,  
z i n c  b i n d i n g .  T h is  o b s e r v a t io n  c o n f i rm s  th e  c h o ic e  o f  th e  
two p lanned m utants ,  as w e l l  as p r o v id in g  e v id e n c e  t h a t  z in c  
i s  most l i k e l y  b in d in g  t o  th e  z in c  f i n g e r  o f  H IV - 1 .
C o n s t r u c t io n  o f  mutant pMIN-CC/AA was s u c c e s s f u l l y  
accompl ished and t h e  m u ta t io n s  were c onf i rm ed  by r e s t r i c t i o n  
mapping and sequenc ing .  Two a t te m p ts  were made t o  c o n s t r u c t  
pMIN-CC/SS. Three  recom binants  o f  t h e  c o r r e c t  s i z e  were
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a na ly ze d  by sequencing.  Two were w i l d - t y p e  which suggests  
i n e f f i c i e n t  d i g e s t i o n  o f  th e  w i l d - t y p e  v e c t o r ;  th e  o th e r  
bore no resemblance to  th e  IN coding re g io n  and was not  
ana lyzed  f u r t h e r .  The second a t t e m p t ,  which u t i l i z e d  a 
d i f f e r e n t  c lo n in g  s t r a t e g y ,  was u n s u c c e s s fu l ,  f a i l i n g  in  the  
PCR o v e r la p  e x te n s io n .  T h is  was p o s s ib ly  due to  th e  
f ragments  be ing  a lmost equal in  l e n g t h .
M B P - IN (A la )  was expressed in  E. c o l  i  TB1 and p u r i f i e d  
under reduc ing  c o n d i t io n s  as d e s c r ib e d  in  s e c t io n  5 . 3 . 4 .
Some HIV-1 IN p r o t e i n s  w i t h  m u ta t io n s  in  th e  z in c  co­
o r d i n a t i n g  r e s id u e s  f a i l e d  t o  be expressed or  were i n s o l u b l e  
(LaFemina e t  a l . ,  1992)  o r  f a i l e d  to  p u r i f y  ( L e a v i t t  e t  a l . ,  
1 9 9 3 ) .  A l though s o lu b le  when expresssed as a f u s io n ,  MBP- 
I N ( A l a )  p r e c i p i t a t e d  out  o f  s o l u t i o n  f o l l o w i n g  c le a v a g e  w i th  
F a c to r  Xa. T h is  f i n d i n g  i s  c o n s i s t e n t  w i th  th e  hyp o th e s is  
t h a t  p r o l i n e  c o n te n t  i s  th e  most im p o r ta n t  f a c t o r  in  
improper f o l d i n g  o f  IN and not i n c o r r e c t  d i s u l p h i d e  bond 
fo r m a t io n .  MoMLV IN has t h r e e  c y s t e in e s  and two o f  th e s e  
were mutated t o  a l a n i n e  in  M P B - IN (A la )  y e t  i t  showed no 
g r e a t e r  s o l u b i l i t y  than MBP-IN.
M B P - IN (A la )  was t e s t e d  f o r  a c t i v i t y  in  th e  
o l i g o n u c l e o t i d e  a u t o i n t e g r a t i o n  assay in  c o n ju n c t io n  w i th  
MBP-IN. M B P - IN (A la )  showed no 3 '  p roc e s s ing  or  s t ra n d  
t r a n s f e r  ( d a t a  not shown). Whether t h i s  was due to  th e  
m uta t io n s  or  t o  i n a c t i v i t y  due t o  improper f o l d i n g  cannot be 
d e te rm in e d .  M B P - IN (A la )  was a ls o  t e s t e d  f o r  z in c  b in d in g ,  
but c o n s i s t e n t  r e s u l t s  were not o b ta in e d .  E f f o r t s  were made 
to  d is c o v e r  th e  c o n d i t io n s  r e s p o n s ib le  f o r  th e  f a i l u r e  o f
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th e  assay, in c l u d i n g  maintenance o f  s t r i c t e r  reduc ing  
c o n d i t io n s  and using a 6 5 Zn2+ p r e p a r a t i o n  w i t h  h ig h e r  
s p e c i f i c  a c t i v i t y .  Perhaps s u b s t i t u t i n g  3 -m e rc a p to e th a n o l  
f o r  DTT th roug hou t  t h e  assay may have proven s u c c e s s f u l .
The d e m o n s tra t io n  t h a t  MoMLV b inds  z in c  supports  th e  
hypo thes is  t h a t  t h e  z in c  f i n g e r  m o t i f  o f  IN i s  f u n c t i o n i n g  
in  a s i m i l a r  manner t o  th e  s e q u e n c e - s p e c i f i c  DNA b in d in g  o f  
c l a s s i c a l  z in c  f i n g e r s .  Jonsson and Roth (1 9 9 3 )  showed t h a t  
chemical m o d i f i c a t i o n  o f  th e  c y s t e in e s  o f  MoMLV IN r e s u l t e d  
in  a loss  o f  3 1 p ro c e s s in g  and s t ra n d  t r a n s f e r .  Evidence  
from s tu d ie s  o f  H IV - 1 ,  H IV -2  and a v ia n  IN a ls o  i n d i c a t e  a 
r o l e  in  3 '  p ro c e s s in g  and s t ra n d  t r a n s f e r  f o r  th e  z in c  
f i n g e r  domain (Khan e t  a 7 . ,  1991; Engelman and C r a i g i e ,
1992; van Gent e t  a 7 . ,  1992; L e a v i t t  e t  a l . ,  1993; V in c e n t  
e t  a l . ,  1 9 9 3 ) .  3 1 p ro c e s s in g  in v o lv e s  th e  r e c o g n i t i o n  o f  a
s p e c i f i c  DNA sequence. That  s t r a n d  t r a n s f e r  i s  a f f e c t e d  as 
w e l l  i s  not s u r p r i s i n g  s in c e  3 '  p ro c e s s in g  i s  a necessary  
p r e r e q u i s i t e  f o r  s t r a n d  t r a n s f e r  ( C r a i g i e  e t  a l . ,  1 9 9 0 ) .
The i n t e g r i t y  o f  t h e  z in c  f i n g e r  domain i s  necessary  f o r  
v i r a l  i n f e c t i v i t y  i n v i v o  (Donehower, 1988; Roth e t  a l . ,  
1989 ) .
7 .5  Conclusions
Zinc  b in d in g  was dem onstra ted  by IN as expressed from both  
express ion  systems. A d i s t i n c t  z i n c  b in d in g  s i t e  i n v o l v i n g  
c y s t e in e  re s id u e s  was p o s t u l a t e d .  Two mutants were planned  
to  examine t h e  r e s id u e s  in v o lv e d  in  z in c  b in d in g ;  one o f
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th e s e  was s u c c e s s f u l l y  c o n s t r u c t e d .  Z inc  a f f i n i t y ,  however,  
was not de te rm ine d  f o r  t h a t  m utant .  The de m ons tra t ion  o f  
z in c  b in d in g  suggests th e  z in c  f i n g e r  may f u n c t i o n  in  
s e q u e n c e - s p e c i f i c  DNA r e c o g n i t i o n  o f  th e  LTR ends.
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C hapter  8
8.0 Discussion
The IN p r o t e i n  o f  MoMLV was i n v e s t i g a t e d  in  two e x p ress io n  
systems, in  a v a r i e t y  o f  a c t i v i t y  assays ,  and in  z in c  
b i n d in g .  The f i r s t  e x p re s s io n  system, as a fu s io n  w i th  th e  
f i r s t  t h r e e  amino a c id s  o f  3 - g a l a c t o s i d a s e ,  expressed IN in  
i n s o l u b l e  i n c l u s i o n  b o d ie s .  IN was d enatured  in  urea and 
g u a n id in e  and r e n a tu r e d  in  a v a r i e t y  o f  c o n d i t i o n s .
A n a ly s is  o f  th e s e  exp e r im e n ts  by C oom a s s ie -s ta in ed  SDS-PAGE 
g e ls  was c o m p l ic a te d  by a b a c t e r i a l  p r o t e i n  t h a t  c o -m ig r a te d  
w i th  IN and d is p la y e d  s i m i l a r  s o l u b i l i t y  c h a r a c t e r i s t i c s .
For t h i s  reason two s y n t h e t i c  p e p t id e s  were s y n th e s iz e d  and 
used to  produce r a b b i t  a n t i - s e r a .  Both sera  were c a pab le  o f  
r e c o g n iz in g  IN on immunoblots, a l th o u g h  a n t i -K K 2 8  was more 
e f f i c i e n t  than  a n t i - K K 3 3 4 .  The a n t i - s e r a  were h e l p f u l  in  
d e te r m in in g  t h e  n a tu r e  o f  d e g r a d a t io n  prod ucts  in  th e  
e x p res s io n  systems, as w e l l  as i d e n t i f y i n g  s o lu b le  IN 
f o l l o w i n g  d e n a t u r a t i o n  and r e f o l d i n g  t h a t  might o th e r w is e  
have been missed.
The second e x p re s s io n  system, as a fu s io n  w i th  MBP, 
expressed MBP-IN in  a s o lu b le  form, but  f o l l o w i n g  c le a v ag e  
o f  th e  fu s io n  w i t h  F a c to r  Xa th e  IN p o r t i o n  p r e c i p i t a t e d  out  
o f  s o l u t i o n .  T h is  f i n d i n g  suggested t h a t  IN was not fo ld e d  
p r o p e r l y ,  even though s o lu b le  as a f u s io n  p r o t e i n .
I n a p p r o p r i a t e  d i s u l p h i d e  bond fo r m a t io n  i s  u n l i k e l y  t o  be 
th e  o n ly  cause o f  improper f o l d i n g  as m u ta t io n  o f  two o f
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t h r e e  c y s t e in e s  o f  IN d id  not improve s o l u b i l i t y .  The 
h y p o th e s is  was put fo rw a rd  t h a t  a 7.8% p r o l i n e  c o n te n t  may 
account f o r  th e  i n s o l u b l e  n a tu r e  o f  IN .
IN from both e x p re s s io n  systems was assayed in  v i t r o  
f o r  a c t i v i t y .  The assays r e v e a le d  t h a t  IN was expressed in  
an i n a c t i v e  form. A b a c t e r i a l  n u c lease  c o - p u r i f i e d  w i th  
MBP-IN. A n o v e l ,  d i r e c t ,  c on t inuou s  k i n e t i c  assay was 
developed to  measure endonuclease k i n e t i c s .  Should s o lu b le ,  
a c t i v e  IN be produced, t h i s  assay would be a v a lu a b l e  to o l  
in  c h a r a c t e r i z i n g  th e  enzyme.
Z inc  b in d in g  by IN was dem onstra ted .  One s i t e - s p e c i f i c  
mutant o f  th e  p u t a t i v e  z in c  c o - o r d i n a t i n g  re s id u e s  was 
c o n s t r u c te d ,  but was not suc c es s fu l  in  i d e n t i f y i n g  th e  z in c  
c o - o r d i n a t i n g  r e s id u e s .
To d a t e ,  t h e r e  i s  o n ly  one r e p o r t  in  th e  l i t e r a t u r e  
t h a t  d e s c r ib e s  th e  suc c es s fu l  e x p re s s io n  o f  MoMLV IN in  E. 
c o l i  (Jonsson e t  a 7 . ,  1 9 9 3 ) ( h e r e a f t e r  r e f e r r e d  to  as 
I N ( H i s ) e ) .  The s t r a t e g y  o f  Jonsson was to  d e l e t e  th e  28 C-  
t e r m i n a l  amino a c id s  ( g i v i n g  a p r o l i n e  c o n te n t  decrease  to  
7.6%) t h a t  had p r e v i o u s l y  been shown not to  be r e q u i r e d  f o r  
a c t i v i t y  (R o th ,  1 9 8 8 ) .  A h e x a h i s t i d i n e  t a i l  was added f o r  
th e  purpose o f  p u r i f i c a t i o n  on a n i c k e l  a f f i n i t y  column.
The f i n a l  y i e l d  o f  a c t i v e  IN was o n ly  1.0% o f  th e  
recombinant  expressed ,  a f i n d i n g  which h i g h l i g h t s  th e  
d i f f i c u l t y  o f  e x p re s s in g  IN in  E. c o l i .  Jonsson and c o -  
w orkers  found an a b s o lu te  re q u ire m e n t  f o r  th e  m aintenance o f  
reduc ing  c o n d i t io n s  and v e ry  slow r e n a t u r a t i o n . These 
c o n s i d e r a t i o n s  were ta k en  i n t o  account in  th e  p u r i f i c a t i o n
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and r e n a t u r a t i o n  o f  MBP-IN and M B P - IN (A la ) ,  a l tho ugh  th e  
procedures  were not s u c c e s s fu l .  Reduct ion was f e l t  to  be 
necessary  f o r  p rop er  f o l d i n g  o f  th e  z i n c - b i n d i n g  domain, a 
f i n d i n g  in  agreement w i t h  th e  o b s e r v a t io n  o f  Parraga e t  a l .
( 1 9 9 0 )  t h a t  z in c  b in d in g  i s  necessary  f o r  a - h e l i x  fo rm a t io n  
and domain f o l d i n g  in  a z in c  f i n g e r  from y e a s t  ADR1, and 
a ls o  in  agreement w i t h  th e  in  v i t r o  z i n c - b i n d i n g  assay  
d e s c r ib e d  in  C hapter  7.
IN ( H is ) e  i s  not  th e  n a t i v e  sequence and t h i s  i s  
r e f l e c t e d  in  v a r io u s  d i f f e r e n c e s  in  r e a c t i o n  c o n d i t i o n s .
For i n s t a n c e ,  IN (H is >6  was i n a c t i v e  when Mg2 + was 
s u b s t i t u t e d  f o r  Mn2 + . Both IN as expressed in  b a c u lo v i r u s
(Bushman e t  a l . ,  1990) and IN p u r i f i e d  from d is r u p t e d
v i r i o n s  ( I s h im o to  e t  a l . ,  1991) were a c t i v e  in  v i t r o  w i t h  
Mg2+ as th e  d i v a l e n t  c a t i o n .  The in  v i t r o  r e a c t i o n  b u f f e r  
a ls o  d i f f e r s .  C r a i g i e  e t  a l .  (1 9 9 0 )  r e p o r t  an a b s o lu te
re q u ire m e n t  f o r  a smal l b a s ic  p r o t e i n ,  such as BSA, f o r
d e m o n s t ra t io n  o f  IN a c t i v i t y  (expressed  from b a c u lo v i r u s )  in  
v i t r o ; BSA i s  not r e q u i r e d  by I N ( H i s ) 6 .  Whether IN ( H is ) 6  
a c c u r a t e l y  mimics IN a c t i v i t i e s  i s  open to  q u e s t io n .
Why a re  HIV IN and a v ia n  IN s u c c e s s f u l l y  expressed in  
E. c o l i  and not MoMLV IN? F i r s t ,  th e  amino a c id  com posit ion  
i s  d i f f e r e n t ;  HIV-1 has o n ly  10 p r o l i n e s  and second, MoMLV 
IN has a 36 amino a c id  i n s e r t i o n  near  th e  C - te rm in u s  which  
r e s u l t s  in  a p r o t e i n  14 kDa l a r g e r  than  HIV IN or  a v ia n  IN .  
Why i s  MoMLV IN s u c c e s s f u l l y  expressed from b a c u lo v i r u s  and 
not E. c o l i ? As b a c u lo v i r u s  e x p re s s io n  i s  a e u k a r y o t i c  
system and MoMLV i n f e c t s  e u k a ry o te s ,  th e  p o s s i b i l i t y  e x i s t s
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t h a t  MoMLV IN r e q u i r e s  e u k a r y o t i c  c e l l u l a r  f a c t o r s  f o r  
p ro p er  f o l d i n g ,  perhaps PPI o r  chaperones.  P o s t -  
t r a n s l a t i o n a l  m o d i f i c a t i o n  remains a p o s s i b i l i t y ;  however,  
t h e r e  is  no e v idence  t h a t  IN i s  g l y c o s y l a t e d  or  
p h o s p h o ry la te d  (Tanese e t  a 7 . ,  1 9 8 6 ) .  I t  was not u n t i l  th e  
d is c o v e r y  t h a t  HIV-1 was s o lu b le  and a c t i v e  when expressed  
i n  E. c o l i  BL21 (Sherman and F y fe ,  1990)  t h a t  s i g n i f i c a n t  
p ro g re s s  was made in  t h e  c h a r a c t e r i z a t i o n  o f  t h a t  enzyme. 
T h at  such a b re a kth ro ugh  should  occur f o r  MoMLV IN seems 
u n i i  k e l y .
F u tu re  work on th e  c h a r a c t e r i z a t i o n  o f  MoMLV IN should  
perhaps c o n c e n t r a te  on b a c u lo v i r u s  e x p re s s io n  or  IN from  
d i s r u p t e d  v i r i o n s .  C e r t a i n l y ,  MoMLV IN would be an 
e x c e l l e n t  model p r o t e i n  f o r  s t u d i e s  o f  in  v i t r o  and in  v iv o  
f o l d i n g .  W ith  s o l u b l e ,  a c t i v e  IN ,  t h e  enzyme would be 
c h a r a c t e r i z e d  us ing t h e  SPA assay:  both th e  3 '  p ro c e s s in g  
SPA and a s t r a n d  t r a n s f e r  SPA which would be deve lop ed .  
Using s i t e - d i r e c t e d  m utagenes is ,  a c t i v e  and c a t a l y t i c  
r e s id u e s  would be i d e n t i f i e d .  SPA cou ld  a ls o  be deve loped  
as a screen f o r  i n h i b i t o r s  o f  IN .  IN cou ld  be p u r i f i e d  to  
homogeneity , c r y s t a l l i z e d ,  and t h e  3-D s t r u c t u r e  de te rm ined  
by X - r a y  c r y s t a l  1o g ra p h y . W ith  th e  s t r u c t u r e  and th e  
i n f o r m a t io n  about a c t i v e  and c a t a l y t i c  r e s id u e s ,  r a t i o n a l  
i n h i b i t o r s  cou ld  be d es ign ed .  The r e s u l t s  from th e s e  
s t u d i e s  cou ld  a ls o  be used t o  compare and c o n t r a s t  MoMLV IN 
w i t h  HIV-1 and 2, a v ia n ,  and o t h e r  r e t r o v i r a l  in t e g r a s e s  
t h a t  might g i v e  e v id e n c e  t o  e v o l u t i o n a r y  o r i g i n s  and 
r e l a t i o n s h i p s  o f  th e  r e t r o v i r u s e s .
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ZINC BINDING BY RETROVIRAL INTEGRASE
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Zinc binding by integrase from Moloney murine leukaemia virus and a protein A fusion 
protein containing integrase from human immunodeficiency virus type 1 was demonstrated by a 
zinc blotting technique using 65ZnCl2. Autoradiography revealed a clear band that was absent 
from the appropriate controls. This band co-migrated with the major band in Coomassie-stained 
gels and in immunoblots. This binding activity was retained in the presence of competing 
divalent cations and was sensitive to oxidation. This is the first demonstration of zinc binding by 
intact retroviral integrase. © 1992 Academic press, inc.
A wide range of nucleic acid-binding proteins bind zinc as an essential cofactor (1-3). 
These employ a variety of structures ranging from the compact unit in retroviral nucleocapsid 
proteins (4), through the now classic zinc fingers of Xenopus TFIIIA, to the more complex 
structures found in GAL4 and glucocorticoid receptor (5). Integrase, the retroviral enzyme that 
integrates the dsDNA product of reverse transcription into the host genome (6 , 7), was first 
identified as possessing a potential zinc-binding motif from an alignment of five sequences (8 ). 
Subsequent studies have shown this motif to be strongly conserved in integrases from 80 
different retroviruses and retrotransposons (9). There are three notable differences between it 
and the canonical zinc finger of TFIIIA: 1) the sequence of ligands is HHCC rather than CCHH, 
2 ) the loop between the second and third ligands is twice (e.g., human immunodeficiency virus 
type 1 (HIV-1)) or nearly 3 times (e.g., Moloney murine leukaemia virus (MoMLV)) as long, 
and 3) it is present only as a single copy, not a string of 3 - 12 similar motifs. Also, the pattern 
of conserved residues is different (Figure 1). Nonetheless, a role in DNA binding has been 
suggested (8).
Integrase acts on two different DNA molecules: the proviral DNA, from which it cleaves 
a dinucleotide at both 3' ends (10, 11), and the target or host DNA, into which it inserts the 
proviral DNA in a concerted reaction (12). The interaction with the first is sequence-specific, 
but that with the second is not. DNA-binding activity has been demonstrated by a variety of 
techniques (13-17). However, disruption of the putative zinc motif by deletion (9, 16, 17) or by
Abbreviations: MoMLV, Moloney murine leukaemia virus; H IV -l, human 
immunodeficiency virus type 1; SDS-PAGE, sodium dodecyl sulphate - polyacrylamide gel 
electrophoresis; DTPA, diethylenetriaminepentaacetic acid.
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Figure 1. Comparison o f the retroviral motif with a classic zinc finger. The structure on the 
left is the fourth zinc finger (res. 105-129) of Transcription Factor II IA  from Xenopus laevis. 
On the right is the putative zinc motif from H IV -1 integrase (res. 10-42). Black circles - 
Essential residues (100% conservation). Gray circles - highly conserved residues within the 
group under consideration; eukaryotic transcription factors(l, 3) or retroviral integrases (9).
substitution of one of the histidine (9) or cysteine (13) ligands did not noticeably affect DNA 
binding, although such mutations did reduce or abolish enzymic activity (9, 13, 16, 18). Rather, 
DNA-binding activity seemed to be localised to the C-terminal half of the protein (9, 15, 16).
In view of these results, the question arises as to whether the putative zinc motif of 
retroviral integrase actually does bind zinc. We sought to answer this by the method of zinc 
blotting. While this work was in progress, Burke e t al. (19) published results showing that a 56 
residue peptide from HIV-1 integrase containing this motif did indeed bind zinc. Our results 
here complement their findings by demonstrating zinc binding by the intact integrases from 
MoMLV and HIV-1.
MATERIALS AND METHODS
Expression and purification of proteins. As integrase is synthesized as a polyprotein, it lacks its 
own initiation codon. Therefore, the N-terminus must be modified for recombinant expression. 
The MoMLV integrase was expressed as a fusion with the three N-terminal residues of (3- 
galactosidase (14). Plasmid pIF (gift from P. Krogstad) was transformed into Escherichia coli 
TGI. Cultures grown to mid-log phase in LB broth were induced with 1 mM isopropyl P-D- 
thiogalactopyranoside and harvested after a further 2.5 h growth at 32°C. Cells were 
resuspended in sonication buffer (50 mM Tris-HCl, 10 mM dithiothreitol, 1 mM 
diethylenetriaminepentaacetic acid (DTPA), pH 7.5), sonicated, and centrifuged. The pellet was 
extracted with 200 mM NaCl and 0.5% Nonidet P-40 in sonication buffer, and recentrifuged. 
Prior to electrophoresis, the pellet was taken up in sonication buffer containing 8 M urea, 0.1% 
sodium dodecyl sulphate (SDS) and 1.0% 2-mercaptoethanol.
The HIV-1 integrase was expressed as a fusion protein with staphylococcal protein A 
(20). A fragment of HIV-1 clone HB10 encoding the C-terminal 56 residues of reverse 
transcriptase and the entire integrase was excised from plasmid pOGS806 (gift from M. 
Richardson) using an engineered BamH I site and a naturally occurring Sal I site, and ligated into 
pRIT5 (Pharmacia). The resultant plasmid, pINBE2, was cloned in E. co li CAG629 (developed 
by Dr. C. Cross, Univ. of Wisconsin). Cells were grown to stationary phase at 32°C and 
periplasmic proteins were removed by osmotic shock prior to sonication. The sonicated extract
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was fractionated with ammonium sulphate, and the proteins which precipitated between 20% and 
40% saturation at 4°C were resuspended in and dialysed against 50 mM Tris-HCl, 1 mM 
dithiothreitol, 0.1 mM DTPA, pH 7.5. After clarification by centrifugation, the supernatant was 
diluted with an equal volume of 50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, pH 7.6, and 
applied to a column of IgG-Sepharose (Pharmacia) following manufacturer's instructions (20). 
Bound proteins were eluted with 0.5 M ammonium acetate, pH 3.4. Fractions containing protein 
by A2gn were neutralised with 1 M Tris base, pooled, and dialysed against 1 mM Tris-HCl, 20 
|iM dithiothreitol, 2 (iM DTPA, pH 7.5. Samples were concentrated by freeze-drying and 
reconstituted in sonication buffer.
Zinc binding. The zinc blotting procedure of Barbosa et al. (21), which includes 10 mM 
dithiothreitol in the renaturation buffer, was employed. Nitrocellulose blots were incubated in 
65ZnCl2 (2.4 Ci/g, 50 |iM) in N^-purged labelling buffer for 30 min, rinsed with three changes of 
buffer containing 1 mM dithiothreitol, and the zinc-binding proteins visualised by 
autoradiography.
Immunoblotting. After electrophoresis and transfer to nitrocellulose, MoMLV integrase was 
identified with rabbit serum raised against a synthetic peptide corresponding to residues 28 - 42 
of the enzyme. Antibodies to E. coli proteins were removed by incubation overnight at 4°C with 
a nitrocellulose blot of the whole cell lysate of induced E. co li TGI cells containing the parent 
expression vector pTZ19R. The HIV-1 fusion protein was identified with normal rabbit serum, 
which bound strongly with the protein A portion of the fusion protein and showed negligible 
reaction with host proteins at the dilution used (1:6000).
RESULTS AND DISCUSSION
Expression and purification of proteins. The MoMLV construct was expressed as inclusion 
bodies which remained insoluble even in the presence of 8 M urea. Only by the further addition 
of SDS and heating could they be solubilised. The HIV-1 construct was more soluble, up to 50% 
of the expressed fusion protein remained in solution, depending on growth conditions and host 
strain. Highest solubility was obtained by expression in E. co li CAG629 grown at 32°C. This 
fusion protein was retained in the cytoplasm even though it contained a signal peptide. Similar 
to what others have reported with the pRIT5 system (22, 23), there are a number of expressed 
products that are shorter than the full length fusion protein, but still possess the protein A moiety. 
The most abundant of these, equal in size to the protein A domain alone, was secreted to the 
periplasmic space, so an osmotic shock step was included to separate this fragment from the 
desired product. The presence of the integrase domain greatly reduced the affinity of the fusion 
protein for IgG, so that most of the fusion protein applied to the affinity column washed through 
without binding. Such an effect by the heterologous protein on the affinity tag has also been 
observed with fusions of portions of feline immunodeficiency virus env gene product with 
glutathione S transferase (G. Reid, personal communication). This problem was partially 
overcome by rechromatography.
Zinc blotting. When the MoMLV sample was assayed by this method, a strong band of 
radioactive zinc appeared at the same molecular mass (45 kDa) as the major protein band 
revealed by Coomassie staining and the major immunoreactive band detected with anti-peptide 
serum (Figure 2). No such bands were observed in the zinc blot, Coomassie-stained gel, or 
immunoblot of the insoluble fraction of host cells containing the parent vector pTZ19R. As 
normally soluble proteins may become trapped in insoluble inclusion bodies, whole cell lysate of
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Figure 2. Zinc binding by M oM LV integrase. All samples were subjected to SDS-PAGE 
(8.0% gels). A) Zinc blot, B) Coomassie - stained gel, C) Immunoblot. In A, B, and C:
1) M oM LV  integrase in insoluble fraction after sonication of pIF expressed in E. coli T G I,
2) insoluble fraction after sonication of parent vector pTZ19R expressed in E. coli T G I, 3) 
whole cell lysate of pTZ19R in E. coli T G I. Open arrow indicates M o M L V  integrase. 
Positions of prestained marker proteins are shown on the right.
the host strain with pTZ19R was used as an additional control. No zinc-binding or 
immunoreactive bands were seen. Therefore, the observed zinc-binding activity can be 
attributed to the MoMLV integrase.
Similar results were obtained with the HIV-1 fusion protein (Figure 3), although, as noted 
above, a family of bands was observed rather than a single band in the zinc blot, Coomassie-
Figure 3. Zinc binding by HIV-1 integrase. All samples were subjected to SDS-PAGE 
(8.0% gels). A ) Zinc blot, B) Coomassie - stained gel, C) Immunoblot. In A, B, and C: 
1) H IV -1 integrase in a protein A -R T-IN  fusion protein, 2) extract o f host cells expressing 
parent plasmid subjected to same purification protocol as in lane 1, 3) purified
staphylococcal protein A. Open arrow indicates protein A -R T-IN  fusion protein. Positions 
of prestained marker proteins are shown on the right.
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stained gel, and immunoblot. The slowest moving band has a molecular mass (71 kDa) expected 
of the full length fusion protein. This family of bands was absent from an extract o f host cells 
expressing the parent plasmid pRIT5 subjected to the same purification protocol as the fusion 
protein. Also, the protein A moiety alone (purified by affinity chromatography from the osmotic 
shock fraction of E. co li cells expressing pRIT5) failed to bind any detectable zinc. The 
observed zinc-binding activity can therefore be confidently attributed to the integrase portion of 
the fusion protein. Although the evidence presented here does not preclude the possibility of 
zinc being bound by the C-terminal residues of reverse transcriptase, a complete metal binding 
site has not been observed in the crystal structure of this portion of the enzyme (24).
For both enzymes, zinc binding was lost if reducing conditions were not maintained 
during renaturation, a finding which supports the involvement of the conserved cysteines of the 
putative zinc motif. As integrase also requires Mn2+ for activity (Ca2+ and Mg2+ can substitute 
to a lesser degree)(9, 15, 16, 18), the possibility exists that 65Zn2+ was binding adventitiously to 
the Mn2+ site. However, no diminution of 65Zn-binding activity was seen in the presence of 10 
mM Mn2+, Ca2+, or Mg2+ (a 200-fold molar excess over Zn2+). In contrast, binding of 65Zn was 
greatly reduced in the presence of 1 mM non-labelled ZnCl2. Zinc, therefore, seems to be 
binding to a distinct site.
The results presented here, together with the strong conservation of this motif in 
retroviral integrases (9), and the proven ability of an isolated peptide containing this motif to 
bind zinc (19), strongly suggest that integrase binds a metal ion with this motif in vivo. With this 
added evidence that a zinc-containing structure does exist, the quest for its function can proceed 
with increased confidence. A role which does not seem to have been considered is a structural 
role independent of DNA binding as is seen in aspartate transcarbamylase (ATCase) (3). In this 
enzyme the integrity of the Zn-binding domain is essential for the correct association of the 
regulatory and catalytic subunits. The spacing of the zinc ligands in ATCase
-Cys-X4-Cys-X25-Cys-X2-Cys- 
is very similar to the spacing in HIV-1 integrase
-His-X3-His-X23 -Cys-X2-Cys-.
However, rather than forming a zinc finger, the intervening loop in ATCase contributes 2 strands 
to a 4-stranded (i-structure (25). Similarly, the zinc motif of retroviral integrases could take up a 
tertiary structure totally unrelated to canonical zinc fingers.
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